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Abstract: In order to meet the growing global demand for bioproducts, areas of forests planted for
productive purposes tend to increase worldwide. However, there are several controversies about the
possible negative impacts of such forests, such as invasive potential, influence on water balance and
biodiversity, and competition with other types of land use. As a result, there is a need to optimize land
use, in order to achieve improvements in terms of sustainability in the broadest sense. In this study,
the environmental and economic performances of pine and eucalyptus forest production systems for
multiple purposes are compared aiming an optimized allocation of land use in the Center-West Region
of Brazil. Life cycle assessment, life cycle cost and analysis of financial and economic indicators were
used to assess potential environmental and economic impacts, covering the agricultural and industrial
phases of pine and eucalyptus forest systems managed for the production of cellulose and sawn wood
and, for pine, the production of rosin and turpentine from the extraction of gumresin and by applying
the kraft process. Subsequently, the TOPSIS multicriteria decision-making method was applied
to rank production systems in different combinations of phases and criteria, and multi-objective
optimization was used to allocate land use according to different restrictions of areas and efficiency.
The adoption of cleaner energy sources and the use of more efficient machines, equipment and vehicles
are the main solutions to improve the environmental and economic performance of the forestry sector.
The production systems of pine for cellulose and pine for sawn wood, rosin and turpentine were
identified as the best solutions to optimize land use. For this reason, they must be considered as
alternatives for the expansion and diversification of the Brazilian forest productive chain.
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1. Introduction

Climate change is challenging the current models of economic development based on fossil
resources, and expectations of growth of the world population indicate that there will be a greater
pressure on natural resources necessary for human well-being [1]. As a result, the debate on the
transition to a new paradigm of economic growth has intensified, i.e., bioeconomics [2–4].

The concept of bioeconomics is discussed from two main perspectives, one industrial and the
other centered on public goods [5]. The first perspective refers to an economy that encompasses the
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production of renewable biological resources and their conversion into food, bio-based products and
bioenergy, as well as related public goods [6]. This economy includes agriculture, forestry, fishing,
food, paper and cellulose industries, and part of the chemical, energy and biotechnology industries [6].
In a complementary and somewhat paradoxical way, there is also concern with a more sustainable use
of scarce natural resources and the conservation of ecosystem services, which are public goods that
must be protected by the adoption of more efficient production methods [5].

In an integrative view, forests are fundamental to achieve a biobased economy. The ecological
characteristics, functions and processes of these ecosystems translate into several benefits that directly
or indirectly contribute to human well-being [7], through regulation, provision, or even cultural
services [8].

Forests are the main regulators of carbon, energy and water cycles as they provide the basis
for carbon storage, cooling of the earth’s surface and distribution of water resources [9], as well as
biodiversity [10]. In addition, forests have recreational function and, in some communities, represent a
cultural identity [11–13].

Provision services deserve to be highlighted because, in the context of bioeconomics, it is expected
that the demand for forest products increases continuously, due to the wide potential for application as
alternatives to fossil-based resources [10]. In addition to the traditional uses of wood in the manufacture
of furniture, in civil construction and in the production of firewood and charcoal, technological advances
are enabling the expansion of forest-based bioproducts and bioenergies.

Studies highlight the potential of biomass for the production of biofuels [14–16], polymers [17]
and green chemicals, such as levulinic acid [18], and rosin and turpentine [19]. In addition to being
technically feasible, these alternatives to fossil resources for material and energy purposes promote the
reduction of environmental impacts associated with the final product when compared to the products
they replace [17–20].

Due to the growing interest in bioproducts and the need to reduce pressure on natural forests
for the supply of raw materials, the trend is that forests planted for productive purposes continue to
expand [21]. Forests planted for productive purposes are composed of introduced or native species
established through planting or sowing, with a focus on wood production and non-timber products [22].
According to recent estimates, the area of planted forests in the world is 290 million hectares [23],
of which more than half is occupied by forests directed to productive functions or, at least, as a part of
the management objective [24,25].

On the other hand, although forests play a key role in minimizing climate change, there are other
environmental impacts that may be associated with forest plants. There are some controversies about
the impacts that can be associated with forests planted for productive purposes, especially pine and
eucalyptus, which together account for almost 70% of the planted area worldwide [26]. The main
criticisms refer to the potencial negative impacts that these forests can cause to the environment and
the local community due to the use of exotic species [27], their invasive potential [28], the effects on
water availability [29], biodiversity [30], and social conflicts over land tenure and the use of natural
resources [31].

The expansion of pine and eucalyptus forest plantations in Brazil began in the 1960s driven by
fiscal incentives to initially meet the demands of the pulp and paper industries and then other important
segments, such as the production of panels, steel and drying of grains [32]. It can be considered that
this process occurred quickly, accentuating the controversial perceptions regarding forests planted for
commercial purposes, both by parts of academia and the society.

In Brazil, environmental pressures on forest plantations have been greater than those exerted
on other agricultural activities and are increased by the widespread claim that forest planting occurs
in agricultural areas [33]. Although there is no evidence to confirm it [33], the growing demand for
renewable biological resources implies additional pressures on forests and agricultural crops [1] aiming
at the production of food, fibers, bioproducts, bioenergy and other public goods [6]. Consequently,
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conflicts arise over the use of resources, especially land, as it is a finite resource on which the economy
and the quality of human life directly depend [34].

Although products from agriculture, forestry and other land uses are essential, they also exert
significant environmental impacts during their life cycle [35]. The AFOLU sector (Agriculture, Forestry,
and Other Land Use) is responsible for almost a quarter of the anthropogenic emissions of greenhouse
gases, mostly emissions generated by deforestation, livestock, and soil and nutrient management [34].

As environmental impacts, socioeconomic aspects also need to be considered in order to optimize
land use and achieve improvements in terms of sustainability in the broadest sense [34]. However,
the allocation of land use for competing purposes is complex, due to synergies and multifunctionalities
between different uses and therefore requires a systematic comparison of alternatives [35].

The state of Mato Grosso do Sul (MS) is one of the recent markers of the Brazilian forestry sector
and a good example to elucidate the importance of the optimized allocation of land use. The forests
are concentrated in the eastern region of that state, where it is difficult to produce grains due to
the predominance of low fertility sandy soils susceptible to erosion requiring high investments for
correction [36]. Due to their adaptability to these conditions, forests have become an option to make
productive a vast area of degraded pastures, because of the extensive practice of beef cattle farming in
the region.

Pine and eucalyptus forests are the most planted worldwide, due to the similar characteristics they
share that make them economically highly interesting [26], among them fast growth, high productivity
and adaptability to a diversity of environments [27]. However, some factors may cause the productivity
and quality of pine and eucalyptus plantation production to differ significantly and, together with
local market conditions, influence decision makers to choose one species over another.

In addition to competing with eucalyptus in the same markets, pine has a great potential to
contribute to the diversification sought by the sector in other segments. Rosin and turpentine produced
from gumresin extracted from pine, and as a by-product of the pine cellulose production process,
are renewable chemical substances that replace petroleum derivatives with applications in a wide
range of industries, such as chemicals, pharmaceuticals, food and biofuels [19].

Therefore, the objective of this study was to compare the environmental and economic performance
of pine and eucalyptus forest production systems to produce cellulose, sawn wood, rosin and turpentine
aiming at optimized allocation of land use in the Center-West region of Brazil. To this end, it was
proposed to integrate life cycle assessment, life cycle cost, analysis of financial and economic indicators
and multicriteria decision-making methods to determine the optimal allocation of land use considering
a broad scope to compare two species competing for the same purposes. To the best of our knowledge,
this methodological approach has been used in a limited number of studies on planted forests for
productive purposes previously identified in the scientific literature.

2. Materials and Methods

2.1. Study Site

Forestry practices can vary significantly between different locations and in a same region planted
with different tree species [37]. Therefore, due to the variability of the tree growing phase of forest
production systems in Brazil and consequently the impossibility of obtaining representative systems for
the region, we opted for simulations. In this study, forest production was simulated on a 2500-hectare
rural property located in the municipality of Ribas do Rio Pardo, state of Mato Grosso do Sul, in the
Center-West Region of Brazil, at 20◦26′34” S and 53◦45′32” W (Figure 1). In this region, Neosols and the
Latosols of medium texture predominate, both with a low natural fertility, although there are also some
patches of Planosols. The predominant climate is humid to sub-humid, with annual rainfalls between
1500 and 1750 mm [38]. It corresponds to the Aw type of the Köppen classification, i.e., tropical with
dry winters [39].
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Figure 1. State of Mato Grosso do Sul in which the property studied was located, within the Center-West
region of Brazil.

2.2. Production Systems

The systems were simulated based on data collected by interviews and questionnaires with
producers and experts in the field in addition to technical and scientific studies published on the
subject. For the tree growing phase, five forest production systems of Pinus caribaea var. hondurensis x
tecunumanii and Eucalyptus urograndis I144, with different purposes and consequently different planting
spacing and densities, were evaluated (Table 1).

In systems that have, as their main objective, the production of wood, thinning is carried out,
while in systems for the production of cellulose, thinning is not carried out; therefore, the stand is
clearcut at the end of the cycle (Table 2 details typical production cycles). In no system is there a
collection of forest residues. There is formation of litter, which plays an important role in restoring part
of the nutrients that were removed from the soil during the growth of trees.

The systems for the production of wood have the same cycle period of 21 years. The management
of pine for wood and resin systems is different from the system intended for wood only by the number
of thinning events and type of trees thinned in each case. The resin period starts at 12 years of age
from September of the first year to May of the following year. In winter, between June and August,
the trees rest and the collecting containers are fixed again for the next harvest.

Table 1. Description of production systems.

System Production Purpose(s) Spacing Density (ha−1)

EC Eucalyptus for cellulose 3.4 m × 2.3 m 1300
PC Pine for cellulose 3 m × 1.5 m 2222
ES Eucalyptus for sawn wood 3 m × 2 m 1667
PS Pine for sawn wood 3 m × 2 m 1667

PSG Pine for sawn wood and gum resin 3 m × 2 m 1667

The average production in Brazil is 35.7 m3/ha/year for eucalyptus plantations and 30.5 m3/ha/year
for pine, according to information reported by the main companies in the sector [40]. Based on this
information, a sensitivity analysis was performed for the average annual increase (AAI), considering a
variation of 30 to 40 m3/ha/year for eucalyptus and of 25 to 35 m3/ha/year for pine.
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Based on this, a discrete distribution of the possible values for the AAIs was carried out through
the data analysis supplement of the Excel software. The distribution was made by generating
10,000 random numbers restricted to pre-established limits at an interval of 0.5 between them and a
same probability for the occurrence of each number. Subsequently, the mean, the standard deviation
of the distribution and the minimum and maximum values of AAIs of each system were calculated.
Then, using the software SisEucalipto and SisPinus, both from Embrapa (Brazilian Agricultural
Research Corporation), the management of each system (cycle duration, number of trees per hectare,
periods and quantities of thinning and/or cutting trees) were simulated with minimum, maximum and
average AAIs, according to the values established by the distribution. From these data, the volumes of
wood production by thinning and cutting were obtained, as well as the total volume produced by each
system (Table 2).

Table 2. Management and production volume of the systems.

System
Wood Production by Thinning and Cutting (m3) Total

Production
(m3)

MAI *
(m3/ha/year)7 Years 8 Years 12 Years 14 Years 15 Years 16 Years 21 Years

EC
MIN 217.3 217.3 31
MAX 269.1 269.1 38.4
AVG 242.6 242.6 34.7

PC
MIN 398.2 398.2 26.5
MAX 508 508 33.9
AVG 453.3 453.3 30.2

ES
MIN 99.9 141 428.1 669 31.9
MAX 119.1 172 512.3 803.4 38.3
AVG 109.5 156.4 470.5 736.4 35.1

PS
MIN 53.1 65 124.6 321 563.7 26.8
MAX 69.5 83 156.6 399.6 708.7 33.7
AVG 61.2 73.9 140.4 360 635.5 30.3

PSG
MIN 52.2 50.7 462.6 565.5 26.9
MAX 71.6 62.6 569.1 703.3 33.5
AVG 61.7 57 515.8 634.5 30.2

* MAI: Mean Annual Increment.

2.3. Scope and Functional Unit

The industrial phase of the systems was also analyzed. It consists of processing the wood produced
in the tree growing phase into sawn wood and cellulose (for both forest species) and, in the case of
pine, also for the production of rosin and turpentine from the extraction of gumresin from live trees
and as by-products of cellulose production, known as the Kraft process. Therefore, the scope of this
study is characterized as “from cradle to gate,” covering the agricultural and industrial phases of forest
production for different purposes (Figure 2).

Unlike most life cycle assessment studies, in which analyses per product unit predominate [41],
another functional unit was included in this case as the objective was to compare different species for
the optimization of the land use for forests planted with productive purposes. Therefore, the unit of one
hectare per year of cycle was used as a functional unit in both the agricultural and industrial phases.

Thus, the industrial phase represents the processing of raw materials generated per hectare in
one year of the cycle of each system in the tree growing phase. This facilitated the aggregation of
impacts of both phases and allowed assessing the possible consequences of different land use options
in a coherent way.



Forests 2020, 11, 723 6 of 22
Forests 2020, 11, x FOR PEER REVIEW 6 of 24 

 

 

Figure 2. Scope of the study. 

Unlike most life cycle assessment studies, in which analyses per product unit predominate [41], 

another functional unit was included in this case as the objective was to compare different species for 

the optimization of the land use for forests planted with productive purposes. Therefore, the unit of 

one hectare per year of cycle was used as a functional unit in both the agricultural and industrial 

phases. 

Thus, the industrial phase represents the processing of raw materials generated per hectare in 

one year of the cycle of each system in the tree growing phase. This facilitated the aggregation of 

impacts of both phases and allowed assessing the possible consequences of different land use options 

in a coherent way. 

2.4. Assessment of Potential Environmental Impacts 

The environmental inventory of the tree growing phase is the result of the quantity and type of 

inputs, machinery and transportation used. The processes include cleaning the area, grading, 

subsoiling, ant control, application of lime, fertilizers, herbicides and fungicides, maintenance of 

firebreaks, pruning and thinning (when appropriate), cutting and transportation. In the case of the 

PSG system, they also include resin process, resin collection and transportation. 

The environmental inventory of the industrial phase, on the other hand, consists of the amount 

of fuels and electricity used, as these inputs are present in all industrial processes. It was necessary 

to restrict the calculation of potential environmental impacts to these items in order to balance the 

comparison between systems, since different levels of details of the processes were obtained from the 

sources analyzed. 

The production of cellulose comprises the processes of reception and preparation of wood, 

cooking, bleaching, drying and shipping. The industrial processes of sawmills start with the reception 

of logs, followed by debarking, formation of trims, grating, and finally, drying. 

The processing of gum-resin includes distillation, pre-filtration, condensation, separation and 

crystallization, until the pitch and turpentine are sent to the deposit tanks. Tall oil resin (TOR) and 

crude sulfate turpentine (CST) are obtained from the recovery of waste generated by the kraft pulp 

production process, which includes reactions with sulfuric acid and distillation. 

All environmental data related to the potential impacts of forestry and industrial process 

described previously were collected from the Ecoinvent database. The production costs necessary for 

the life cycle cost analysis of the tree growing phase were collected directly from local suppliers. 

"cradle to gate"

"cradle to farm gate"

FORESTRY

Soil preparation and pre-planting Wood

Raw material Planting Gum resin

Management Environmental and economic impacts

Harvest

"gate to gate"

INDUSTRY

Sawn wood

Wood Sawn wood production Cellulose

Gum resin Cellulose production Rosin and turpentine

Rosin and turpentine production Environmental and economic impacts

Figure 2. Scope of the study.

2.4. Assessment of Potential Environmental Impacts

The environmental inventory of the tree growing phase is the result of the quantity and type
of inputs, machinery and transportation used. The processes include cleaning the area, grading,
subsoiling, ant control, application of lime, fertilizers, herbicides and fungicides, maintenance of
firebreaks, pruning and thinning (when appropriate), cutting and transportation. In the case of the
PSG system, they also include resin process, resin collection and transportation.

The environmental inventory of the industrial phase, on the other hand, consists of the amount
of fuels and electricity used, as these inputs are present in all industrial processes. It was necessary
to restrict the calculation of potential environmental impacts to these items in order to balance the
comparison between systems, since different levels of details of the processes were obtained from the
sources analyzed.

The production of cellulose comprises the processes of reception and preparation of wood, cooking,
bleaching, drying and shipping. The industrial processes of sawmills start with the reception of logs,
followed by debarking, formation of trims, grating, and finally, drying.

The processing of gum-resin includes distillation, pre-filtration, condensation, separation and
crystallization, until the pitch and turpentine are sent to the deposit tanks. Tall oil resin (TOR) and
crude sulfate turpentine (CST) are obtained from the recovery of waste generated by the kraft pulp
production process, which includes reactions with sulfuric acid and distillation.

All environmental data related to the potential impacts of forestry and industrial process described
previously were collected from the Ecoinvent database. The production costs necessary for the life
cycle cost analysis of the tree growing phase were collected directly from local suppliers.

The most relevant impact categories were defined after analyzing the environmental inventory and
identifying in the literature the potential environmental impacts that could be associated using inputs,
machinery and transportation (in the tree growing phase) and fuels and electricity (in the industrial
phase). Using the Simapro software, the following categories of potential environmental impacts
were analyzed for both phases: potential impact on climate change (GWP-100a), photochemical ozone
formation, eutrophication, acidification, human toxicity, and ecotoxicity.

The impact assignment methods selected were those of midpoint: USEtox (consensus only)
V1.04 [42] for human toxicity and ecotoxicity, and CML-IA baseline V3.02 [43] for the other categories.
As there is still no specific impact attribution method for Brazil, we opted for the joint application of
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both methods, which provide a global coverage and are widely accepted, as recommended by Silva
(2012) and other authors. In particular, the choice of USEtox for the categories of ecotoxicity and human
toxicity was due to its specific development with this focus in mind and its acceptance as the most
robust method currently available for these categories.

Carbon sequestration was calculated using the Tier 2 approach of the IPCC method [44] for forests
based on the carbon stock in biomass above and below ground. The data used for the calculation
were area, volume of marketable biomass in growth, ratio between biomass above and below ground,
carbon fraction in dry matter (related to the climatic zone where the forest is located), and conversion
factor and expansion of marketable biomass in above-ground biomass (specific to species in a given
climatic zone). The area and the volume of marketable biomass in growth were obtained from the
results of the simulations in the SisPinus and SisEucalipto software, and the rest are available in the
IPCC’s Guidelines for National Greenhouse Gas Inventories [44].

2.5. Assessment of Economic Impacts

Firstly, the life cycle cost analysis (LCCA) was carried out, which encompassed all costs from
the acquisition of raw materials to the end of the tree growing phase cycle. Based on the cash flows,
the annual profitability ratios were calculated, also simulating the revenues from the sale of carbon
credits (Table 3). The cost of labor was also used as an economic indicator for direct job generation
based on the annualization of this cost in each system.

Table 3. Evaluation of financial indicators.

System Revenue (US$) 1 Costs (US$) 1 API (%) 2 Revenue C (US$ ) 1,3 API C (%) 3

EC 6192.80 4058.65 6.90 6417.32 7.85
PC 10,035.28 4872.72 5.52 10,384.88 6.13
ES 18,091.24 10,417.43 2.70 18,772.77 3.19
PS 18,801.68 6271.11 8.23 19,301.28 8.77

PSG 30,918.41 11,451.55 9.53 31,416.09 9.85
1 Values based on the price of the dollar on 13 February 2020 (US$1 = R$4.34). 2 Annualized profitability index
(API). 3 Revenue and API plus the sale of carbon credits.

Then, investment analyses were performed based on the calculation of the Annualized Profitability
Index (API), represented by Equation (1). The annual profitability was obtained during a cycle of each
system, without considering the cost of land. This method consists of annually distributing the value of
the NPV (net present value) per investment unit of the project throughout its useful life [45]. Through it,
it is possible to solve the limitations of the NPV in comparing projects with different investment and
terms simultaneously [45]. That is why API was considered an adequate tool to compare systems fairly.
For its calculation, the current interest rate of 8.5% per year of the FCO Rural Investiment of Banco do
Brasil was considered, among others, for rural producers in the Center-West region of the country.

API =


[∑n

t=1
Rt−Dt
(1+i)t

]
·i∣∣∣∣∣∑n

t=1
Dt

(1+i)t

∣∣∣∣∣·[1− (1 + i)−n
]
, (1)

where:
API = Annualized Profitability Index;
Rt = cash inflows (revenue) expected during period t;
Dt = cash outflows (expenses) expected during period t;
i = interest rate or discount rate;
n = project life in years.
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The API was also calculated by simulating the existence of a carbon credit market. The credits
were estimated by subtracting the sequestration of CO2 in the biomass from the potential impact on
climate change, thus obtaining negative net emissions. The price considered for the calculation of
revenue was based on the average worldwide transactions in 2015: $3.3/ton CO2 [46].

Due to the unavailability of complete data referring to the production costs of the industrial phase,
an economic analysis was performed by calculating the gross added value (GVA), which is based on
the value added to the raw material taking, as reference, its prices plus the final products. The use
of GVA as an economic indicator is justified because it is directly related to the gross revenue of the
industry and, consequently, to the generation of taxes, which are macroeconomic indicators relevant to
the region.

2.6. Multicriteria Decision-Making Methods

To determine the most satisfactory solution among several alternatives, there are two main
approaches to support decision-making, and the choice of one of them depends on the rationality of the
decision maker in demonstrating preferences. The first approach is the overclassification or overcoming
approach, by which comparisons are made pair by pair to verify which alternative is superior for each
criterion and, in the end, the best evaluated alternative is the one that presents superiority in most
criteria [47]. However, methods of this type, such as Promethee, do not allow a hierarchy of alternatives
and do not allow trade-offs among criteria [47,48]. In other words, an alternative can be superior in
most criteria and, at the same time, the worst in some criteria that are relevant to decision makers.

Therefore, when rationality involves the weighting of criteria and includes trade-offs, the most
suitable methods are those of the multi-attribute utility theory or the unique synthesis criterion, such as
Topsis, for which the ideal positive solution is one that maximizes the benefit criteria and minimizes
the cost criteria [47].

2.6.1. Topsis

The variety of indicators used to evaluate production systems makes it difficult to carry out a
simple comparison for decision-making. It is a multicriteria decision problem, as there are more than
two alternatives to choose from, with conflicting criteria and restrictions for analysis [49].

The multicriteria method chosen to select the best production purpose for land use in each phase
was TOPSIS (technique for order preference by similarity to the ideal solution). This method creates
a ranking of alternatives based on the isolated calculation of each evaluated criterion, in which the
best alternative is the one that has the longest distance from the negative solution and the shortest
distance from the ideal solution [49]. The criteria are represented by sets of indicators that make up the
environmental and economic analyses.

For the environmental criterion, the following were considered as indicators: net emissions (tree
growing phase and integrated phases) or global warming potential (industrial phase), photochemical
ozone formation, acidification, eutrophication, ecotoxicity, and human toxicity. For the economic
criterion, the following were considered as indicators: API, API with the sale of carbon credits,
direct jobs generated (tree growing phase), and gross value added (GVA, industrial phase).

For the calculation, a decision matrix (xij) is elaborated with alternatives (i) and criteria (j).
Subsequently, the data are normalized by dividing the value of j by the highest value of j, avoiding
possible outliers. Then, the deviation from the ideal scenario (Equation (2)) and the deviation from the
worst scenario (Equation (3)) are calculated.

S+
i =

√∑n

j=1

(
ni j − n+

j

)2
, (2)

S−i =

√∑n

j=1

(
ni j − n−j

)2
, (3)
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where:
S+

i = deviation from the best alternative;
S−i = deviation from the worst alternative;
ni j = value of alternative i evaluated in criterion j;
n±j = best or worst value i in criterion j;
The model ends with the calculation of the value (C+) that determines the alternative in relation to

the best and worst solution (Equation (4)). Then, the values are ranked in an increasing way, in which
the highest value represents the best alternative found.

C+
i =

S−i(
S+

i + S−i
) , (4)

where:
C+

i = distance from the best and worst alternative;
S+

i = deviation from the best alternative;
S−i = deviation from the worst alternative;

2.6.2. Multiobjective Optimization

In decision-making processes featuring several objectives to be achieved, which are generally
conflicting with each other and an optimal solution for all objectives simultaneously is difficult to find,
there is a problem of multi-objective optimization [50]. In this sense, mathematical programming seeks
to find the most efficient way to use limited resources to achieve a certain objective and, for this reason,
it is commonly referred to optimization [51].

The key concept at the base of this tool is the non-dominated solution (Pareto’s optimum, efficient
or not inferior), which is that of a solution for which there is no other permissible solution that
simultaneously improves all objective functions [52]. For this reason, it requires an interactive solution
procedure, by which the decision maker investigates a series of solutions to find the most satisfactory
ones [51].

The formulation and solution of an optimization problem involves the identification of decision
variables as well as the expression of an objective function and any restrictions in terms of decision
variables [51]. The objective function and the restrictions can be linear or non-linear, which will imply
different calculations to determine the solution [51]. Since the problem of this study is that the objective
functions and the restrictions are linear in nature, it was possible to solve the optimization problem
using linear programming, the Simplex method and the MS Solver, a supplement available in the MS
Excel software.

The application of this method allowed optimizing the land use of an area of 1,000,000 hectares to be
occupied by planted pine and/or eucalyptus forests for different production purposes (Equations (5)–(8)).
This reference value was attributed based on the current area of eucalyptus forests in the state, but the
results of the optimization are presented in percentages. We opted for this approach because it can be
useful for any area intended to optimize the use with forests, since the total area does not influence the
results of optimization and depends on the specific market conditions of each situation.

Objective functions:

MaximizeX : [X1 + X2 + · · ·+ Xn] positive economic and environmental impacts, (5)

Minimize : [X1 + X2 + · · ·+ Xn] negative environmental impacts, (6)

Subject to:
X1 + X2 + · · ·+ Xn = 1.000.0007, (7)

[X1, X2, . . . , Xn ≥ 0] condition o f nonnegativity, (8)
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where:
X1 . . . Xn: area to be occupied by the production system.
Besides restrictions on non-negativity and the total area where land use was optimized, additional

restrictions were set on the area destined for the production of cellulose and wood and efficiency,
in relation to the indicators evaluated. Optimizations were carried out with different combinations of
insertion of area restrictions for a specific purpose and efficiency, to assess their influence on the results
of the solution obtained.

In addition, these optimizations were based on three different considerations of environmental
and economic criteria. Regarding the first consideration, both criteria were given 50% weight, to find
the most appropriate solution. To test how robust and reliable the outputs were, it was also assumed
that the decision makers’ preference regarding the criteria may also differ. For this reason, we also
opted to adopt the weights of 70%/30% and 30%/70% for environmental and economic criteria. Given
the difference in the number of indicators for each criterion, the weights were divided by the respective
weight of the criterion to then compute the weight of each indicator.

For optimization, the same indicators were considered for the composition of the environmental
and economic criteria used in the ranking by TOPSIS. In the integration of the phases, the indicators
of environmental and economic criteria of the industrial pine sawn wood systems from the PSG
agricultural system were grouped together with the rosin and turpentine from gumresin industry.
Likewise, the pine cellulose industry and the production of rosin and turpentine were integrated by
the Kraft process (PCRT system). Since the objective of the study was to compare the systems by the
functional unit of one ha per year, it was considered appropriate to integrate the industries supplied by
the same agricultural system.

3. Results

3.1. Environmental Impacts

3.1.1. Agricultural Process

Since the results of the assessment of each category have been normalized, they are presented as
percentages: 100% represents the greatest impact obtained for the categories considered as negative
environmental effects of production systems. The net result of emissions from all systems is negative,
given that, forestry processes sequester more CO2 than they emit greenhouse gases, which means a
positive environmental consequence of forest production systems.

The results obtained for each impact category reveal a significant variation when different
management scenarios for pine and eucalyptus are considered (Figure 3). However, as the variation in
productivity at the tree growing phase does not influence the ranking of systems as to the potential
environmental impacts, it is possible to draw a representation of the performance of each system based
on their average productivity, in which systems with the greatest negative environmental impact are
closer to the center of the graph (Figure 4).

The system of pine for wood (PS) has the best performance for all impact categories analyzed,
except for net emissions. In this last category, the values are negative for all systems, as it is the
amount of CO2 sequestered from the atmosphere after discounting the emissions generated by forestry
processes; this means that the system with the greatest impact is the best performing system.

The influence of the species is observed when comparing the systems for the production of wood,
whose cycle period is the same and for which eucalyptus stands out from pine. According to the
results, on average, one hectare of eucalyptus forest managed for commercial purposes sequesters
approximately 13 tons of CO2 eq. per year, while the pine forest sequesters ten tons of CO2 eq. per
hectare in one year. This is explained by the greater amount of biomass produced by eucalyptus in the
same period.
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It is also possible to observe the importance of larger cycles for a greater CO2 sequestration when
analyzing systems within the same species, but with different purposes. Management practices that
provide greater system productivity positively affect the amount of carbon sequestered. As variations
were considered in relation to the mean AAI of 30 m3/ha/year for pine and 35 m3/ha/year for eucalyptus,
the latter obtained the best performance for both wood and cellulose.

In the ranking established by comparing the potential environmental impacts in one hectare per
year of production cycle, all with the same weight, there is a predominance of pine systems over
eucalyptus ones, regardless of productivity or purpose of production. However, as there is no system
that has the best environmental performance in all indicators, it is worth mentioning that a change in
the weight of indicators that make up the environmental criterion could change the ranking of systems
and the consequent decision-making.

Although there are similarities in management, the simulated systems for eucalyptus have
higher demands for fertilizers, diesel and lubricating oils related to transportation, the latter being
proportionally higher in wood systems due to a higher productivity. As the data were also annualized,
the eucalyptus system for cellulose was somewhat penalized by the fact that it had soil preparation
and management needs identical to the system for producing wood, but with a shorter cycle period.
However, this method of comparing systems is valid because, while the pine system for cellulose has a
15-year cycle, the eucalyptus system has two complete cycles in a same period. In this way, consistency
is maintained when comparing systems with different productivity and duration periods.
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The thinning and cutting activities contribute the least to potential environmental impacts in all
categories analyzed (Figure 5). On average, among all systems, the transport activity contributes the
most to the category of climate change (34%), followed by management operations (31%). However,
this only applies to systems for the production of wood and to the pine system for cellulose. In the
EC system, soil preparation and management phases are the major contributors to the total impacts.
The lower productivity of this system, compared to the others, in relation to the functional unit used,
is the factor that explains this difference.Forests 2020, 11, x FOR PEER REVIEW 13 of 24 
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Figure 5. Contribution of each activity to the category of potential impacts: climate change,
photochemical ozone formation, eutrophication, acidification, human toxicity, ecotoxicity.

The sensitivity analysis regarding the productivity of the systems only influenced the transport
activity. On average, the potential environmental impacts varied 24% in relation to the minimum
and maximum volumes of wood produced. This proportion is significant since transport is the most
impacting phase in the categories of photochemical ozone formation (45%), acidification (41%) and
climate change (34%) due to the use of fossil fuels. Management influences the most the potential
impacts of eutrophication (40%) due to the application of fertilizers, especially those containing nitrogen,
and human toxicity (65%) and ecotoxicity (49%), due to the considerable amounts of limestone and
herbicide used.

When the agricultural and industrial phases are integrated, the PC and PCRT systems have the
best performance regarding the environmental criterion (Figure 6). The eucalyptus cellulose system
had the worst performance in relation to photochemical ozone formation, acidification and ecotoxicity,
accounting, on average, for 71% in the tree growing phase, the most negatively impacting among all
systems, because of the amount of inputs used. However, it should be noted that all systems, even after
the integration of the industrial phase, continued to present negative emissions, that is, sequestering
more atmospheric CO2 than emitting greenhouse gases.

The systems whose main purpose is the production of pine wood (PM and PRM) stand out in
relation to cellulose systems in the categories of human toxicity and ecotoxicity. They have potentially
higher environmental impacts in these categories, on average 70% due to the industrial phase, as they
have a lower specific consumption factor and produce a greater volume of wood that serves as raw
material for the industry, consequently increasing impacts.

It cannot be stated that the agricultural or industrial phase is necessarily the one that most impacts
on forest production systems because, in this study, the level of detail of the environmental inventory
of the tree growing phase was higher than the industrial phase and the functional unit used can
also influence the contribution of each phase, depending on the system and the species. However,
the information on the contribution of each phase is useful to explain the results found.
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Figure 6. Potential environmental impacts after the integration of the agricultural and industrial phases.
Net emissions: negative values.

3.1.2. Economic Impacts

Transport is the activity that most impacts costs, representing, on average, 61% of the total cost
per hectare of the systems. This phase is directly influenced by productivity because the higher this
parameter is, the higher the transport cost. Next, costs with cutting (14%), acquisition of inputs (10%),
purchase and use of machinery (10%), and labor (6%) are the most expensive. The exception is the PSG
system because it is more labor-intensive due to resin operations, which represents, on average, 38% of
the total cost throughout the cycle. The second most relevant cost in this system is transportation
(32%), followed by inputs (12%), mechanization (9%), and thinning and cutting (6%).

The revenues were obtained from the assortment of wood production for cellulose, sawmill,
rolling mill and energy systems, according to the results of the simulations in the SisPinus and
SisEucalipto software. The best economic result in the tree growing phase was obtained for the PSG
system, which presented the best performance in all indicators. Although resin extraction activity
in pine forest planting incurs more costs, it significantly increases the profitability of the property.
Next, the best systems are pine for wood and eucalyptus for cellulose.

The annual profitability index varied from 2.49% to 10.59%, considering the traditional markets for
firewood, cellulose, sawmill and rolling wood, and the sale of gum resin, in the case of pine. The sale of
carbon credits represented an increase in the API of around 1% and 0.5% for the eucalyptus for cellulose
and eucalyptus for sawn wood systems, respectively. For pine systems, the increase is, on average,
0.5%. The increase is less relevant for the PSG system (0.3%), as the revenues from this system are
significantly higher than the others. It is worth mentioning that the price used for the simulation of the
carbon credit market is an average of the negotiations in 2016 (US$3.3/ton), which is below the largest
transactions reported to Ecosystem Marketplace (US$44.8/ton).

These data indicate a potential market that, if explored, may bring important financial results for
forestry, especially for eucalyptus plantations. It would benefit more because it has a greater capacity
to sequester carbon and, due to the lower revenues compare to pine systems, the relative contribution
of the revenue generated by carbon credits is higher.

Despite the assortment of the systems in the industrial stage for the purpose of economic analysis,
the entire production of one hectare was intended for the central purpose of each system, which is
justified by the fact that, in general, the largest assortment is associated with the main objective of forest
management. Considering economic analysis of the industrial phase consists of only one indicator and
is not a multicriteria problem, the ranking can be created by a direct comparison of the values obtained.

The system that most generates gross value added (GVA) by industrializing the raw materials
generated per hectare in one year is the eucalyptus cellulose industry (EC), followed by the pine
cellulose and the production of rosin and turpentine Kraft (PCRT), and pine cellulose only (PC)
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(Table 4). Excluding sawn wood production, eucalyptus production generates more GVA, which can be
influenced by the region in which prices were collected, where this wood is most valued in the market.

Table 4. Gross value added (GVA) generated by the industrial phase of production systems.

System Gross Value Added (GVA)
(US$)

Annual GVA
(US$)

EC 25,767.05 3681.11
PC 40,434.79 2695.62

PCRT 42,092.40 2806.22
ES 12,724.19 605.99
PS 7390.78 351.84

PSG 16,178.57 770.51

However, when the agricultural and industrial phases are added, the best system from an economic
point of view is pine for the production of sawn wood and gum resin Eucalyptus sawn wood is the
system with the worst performance. Therefore, the influence of the scope is perceived upon analyzing
the economic criterion for decision-making.

3.2. Decision-Making Based on Multicriteria Methods

3.2.1. Ranking of Production Systems

The comparison of land use by forests planted for productive purposes was based on environmental
and economic criteria. The following were used as indicators for the environmental criterion: net
emissions, photochemical ozone formation, acidification, eutrophication, ecotoxicity, and human
toxicity. The economic criterion, on the other hand, had as indicators API, API with sale of carbon
credits, direct jobs generated (in the tree growing phase), and the GVA (in the industrial phase).

The TOPSIS decision-making algorithm made it possible to create a ranking of systems with
various combinations of phases and analyzed criteria, integrating the sensitivity analysis for production
volumes. This tool proved very useful to illustrate the relevance of the scope and criteria used in the
study of agro-industrial systems and to expand the applicability of results generated by the methods
applied for the evaluation of the systems, especially those directed to environmental impacts.

By considering environmental and economic criteria only at the tree growing phase, productivity
is a determining factor to increase the efficiency of all systems. However, when integrating the
industrial phase, trade-offs are evident in relation to economic and environmental performances
(Table 5). Therefore, from a bioeconomic perspective, the broader the scope and the more criteria
considered, the greater the complexity of the process of choosing the best system.

Table 5. Ranking of production systems considering the agricultural and industrial phases.

Ranking
Criterium

Environmental Economic Environmental + Economic

1st PC PSG PC
2nd PCRT EC PSG
3rd PS PCRT PCRT
4th ES PC EC
5th PSG PS PS
6th EC ES ES

3.2.2. Optimization of Land Use

Based on the results obtained with the TOPSIS method, there is no ideal solution for all criteria in
all scopes evaluated. As TOPSIS is a non-compensatory method, even the system classified as the best
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in each ranking can perform significantly higher or lower, in some indicators, in relation to the others
with which it is compared. In this way, the preference of decision makers represented by different
weights to the indicators deemed as the most relevant could completely modify the ranking result.

Therefore, the optimization aimed to verify that forestry systems should be jointly prioritized
to supply the products demanded with the greatest efficiency from an environmental and economic
point of view, without necessarily expanding the area where forests are currently cultivated. For that,
scenarios were created with different restrictions and weightings of criteria. First, area restrictions
were established that represented possible changes in the demand for forest products, being 50% of the
planted area for the production of cellulose and 50% for the production of wood, 70% for cellulose and
30% for wood, and 30% for cellulose and 70% for wood.

Efficiency restrictions of 20% and 30% were also inserted, which means that the systems chosen
should perform at least 20% or 30% higher than the system with the worst performance in each
indicator, respectively. In addition, the environmental and economic criteria were weighted in three
different ways, so that they represented scenarios where both had the same weight and scenarios where
the economic aspect prevailed over the environmental aspect, and vice versa, in the decision-making
of public and private managers.

As can be noted, the generated decision matrix largely corroborated the results obtained by
applying Topsis (Figure 7).
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Figure 7. Decision matrix for land use optimization. En = Environmental criteria. Ec = Economic criteria.

Area restrictions alone, or in conjunction with an efficiency restriction of 20%, do not affect the
options selected. The best forest plantations for the occupation of the area were pine managed for
the production of sawn wood, gum resin and cellulose. The prioritization of the environmental or
economic criterion does not change the solutions found to optimize land use under different conditions
of restrictions. Only with the increase in the efficiency restriction to 30% the optimized solution starts
to insert the eucalyptus system for cellulose production, however with a small share in total area (4%).

4. Discussion

As Dias and Arroja stated [41], it would be inconsistent to make a direct comparison of the
potential absolute environmental impacts obtained in this study with others, because of important
methodological differences regarding the limits of the systems, functional units and methods of
impact attribution. In addition, local specificities, such as management practices and edaphoclimatic
conditions, greatly influence the results.

This research differs from others, mainly because of the functional unit used. Most LCA studies
on forests consider the volume of wood produced [41]. Due to the purpose of this study, similar as that
of Brandao et al. [35], the basis for comparing potential impacts is the per hectare of land in one year,
which still makes possible to discuss the various points considered critical for the forestry sector.
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The first point refers to carbon balance considering its equivalence to other greenhouse gases.
The global warming potential of forestry processes is relatively low in relation to the amount of
carbon sequestered by the forest. Even after the integration of the industrial phase, the systems
continued to present negative emissions, that is, sequestering more atmospheric CO2 than emitting
greenhouse gases.

For this reason, forests are highly important for mitigating emissions and adapting to climate
change, either as carbon sinks in forests, or as stocks of forest products [10]. However, as shown in
other studies, the amount of carbon sequestered is strongly influenced by species, age of the forest,
and the management practices adopted [29,53–56].

By comparing species in general terms of potential negative environmental impacts, Dias and
Arroja [41] also found that, under the same management regime, the production of one m3 ub (under
bark) of pine impacts less than eucalyptus in most criteria. According to the authors, this is because
pine has a longer cycle, which directly implies less use of machines, fossil fuels and fertilizers in the
same period.

In this study, the thinning and cutting processes were the least impactful. This differs from the
literature, which points this activity as the most impactful [37,41,57]; however, these studies did not
include the transport of logs to the industry.

Nonetheless Gonzáles-García [58] reached the same conclusion by considering the transport of
rural property to the industry 90 km away. However, the longer distance take into account in the
present work (230 km) may explain this divergence. In any case, the reason why cutting and transport
are the activities identified as critical points is the same: the high demand for fossil fuels.

In view of the results obtained, the inputs used in transport and handling are the main contributors
to the impact categories analyzed, representing the hotspots of the systems. The identification of
these critical points makes it possible to indicate adaptations in the systems in order to improve their
environmental performance.

The impacts caused by transportation and most impacts generated by management are due to the
use of fossil fuels by trucks and machines. In this regard, a widely discussed alternative is the use of
biofuels (including pine resin), but some less conventional options such as black liquor generated by
cellulose plants, wood chips and forest waste can also be explored [58].

The types of machines represent another relevant factor. As noted by Barrantes et al. [59], the use
of forwarders to load logs, in addition to having a greater operational efficiency, enables an increase in
environmental efficiency in all categories compared to the agricultural tractor. As in transportation,
the activity optimization by using vehicles with greater capacity and preferably with greater fuel use
efficiency is another action that can be investigated to reduce potential environmental impacts.

In terms of management, the main point of action is the rational use of fertilizers [41], in addition
to the recycling of nutrients, such as nitrogen, phosphorus and potassium, which are byproducts
of cattle farming, for example [60]. Such procedure would be much facilitated in forestry-pasture
integration systems [19,61,62].

At the industrial phase, the consumption of fossil fuels, such as diesel, gasoline, LPP fuel oils (low
pour point) and electricity, were the main contributors to potential environmental impacts, as already
pointed out in studies on the cellulose industry [63] and on the MDP industry (medium-density
particleboard) [64]. Replacing fossil energy sources with biomass and forest residues has been
suggested, which, depending on the distance from the forest to the industry, the amount needed and
the allocation of impacts, can reduce the potential environmental impacts of the industrial phase.
From an economic point of view, it has been shown that resin extraction activity in pine forest
planting increases costs, but, on the other hand, significantly increases the profitability of the property,
as Neves et al. [65] pointed out, in addition to contributing more to the generation of jobs and fixation of
people in rural areas. The carbon credit market can also significantly change the economic performance
of forestry and be decisive for the adoption of management practices aiming to create a greater carbon
sequestration [21,54], with the direct consequence of reducing potential environmental impacts of the
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economic activity. Thus, the sale of carbon credits can represent an incentive via market to adopt
practices aligned with bioeconomy principles, and should therefore be the object of policy drafting and
development f mechanisms that facilitate these transactions.

In view of the results of all systems, it is possible to note that, although the financial returns are
long-term and depend on variations in plantation productivity, the costs of inputs and labor and the
prices of products sold, forestry is a good income generation option for rural producers [11,21,66].
This may also be a more advantageous economic activity for the rural producer in relation to other
activities, such as cattle breeding.

The APIs obtained for the agricultural systems of pine and eucalyptus forests were, in most cases,
higher than those identified by Florindo et al. [67] for cattle farming south of the region where this study
was carried out, where the API was 1.55% for the extensive system and 3.51% for the semi-intensive
system. These data reinforce the attractiveness of forestry investments, especially for the east coast
region of the state of Mato Grosso do Sul, where cattle farming is practiced generally in extensively and
degraded pastures, conditions under which the net present value activity can even be negative [68].

That is why it is recommended that investments in sawmills and pine-based chemical industries
be encouraged in the evaluated region. This is an interesting option to improve the forest industry
already consolidated in the region, which can provide increases and diversification in the income
in soils without agricultural aptitude or even in degraded pastures, as several studies have already
demonstrated [69–71].

5. Conclusions

The results of this study demonstrate that pine plantations aiming at the production of cellulose,
wood and gumresin are the best options to optimize land use, compared to eucalyptus, in the region
where the study was carried out. For this reason, it is suggested that rural producers, industries,
the government and other decision makers evaluate the market conditions of industries based on
planted pine forests as an alternative for the expansion and diversification of the forest productive
chain in the Center-West region of Brazil. Investments in pine forestry have the potential to benefit rural
producers, increase income and minimize risks by diversifying their activities, in addition to increasing
generation of jobs, increasing tax revenues and other indirect positive impacts for the local community.

In forest production systems, the higher the productivity in the tree growing phase, the better
the environmental and economic performance. For this reason, it is crucial to invest in high-quality
genetic materials, as well as in the qualification of managers and employees, to adopt planned and
more efficient management practices.

Due to high growth rate and rapid growth, pine and eucalyptus plantations for commercial
multipurposes are of great relevance to mitigate greenhouse gas emissions and promote adaptation
to climate change, through carbon sequestration and storage of it in its bioproducts. However, it is
possible to improve the environmental performance of these production systems, as together with
economic benefits, then some critical points and possible recommendations are highlighted:

• Fossil fuels are the inputs that contribute the most to different categories of potential environmental
impacts. The replacement by cleaner energy sources and the use of more efficient machines,
equipment and vehicles is the main solution to improve the environmental and economic
performance of the sector.

• The increase in transport efficiency also collaborates synergistically to increase the financial result,
since this operation impacts the total cost of forestry activities in most evaluated systems the most.

• The sale of carbon credits is another market that, if explored, represents an opportunity to obtain
important financial results for forestry, especially in eucalyptus systems, as well as an incentive to
adopt more efficient environmental management practices.

• The cultivation of pine to obtain wood and gum-resin has a high demand for labor, making this
component the costliest. Even though the higher demand for labor increases costs, the resin
significantly increases the profitability of the property, which makes this system the one with
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the best economic performance among all evaluated. In addition to the financial results for the
forest owner, resin contributes significantly more to the generation of jobs and the fixation of man
in the countryside. For this reason, it is essential to have conditions that favor the employment
relationship or even the provision of this service to enable this activity., Since employees are often
hired individually by the rural producer or company that owns the forest, it would be interesting
to create strategies that reduce hiring costs, favor the continuity of the provision of services,
and provide greater legal certainty to employment relationships. The creation of companies
specialized in the provision of this service or cooperatives organized by rural workers could be
alternatives for the solution of labor problems in resin economic operations.

It has also been shown that the integration of multicriteria decision-making methods to life cycle
assessment, life cycle cost and analysis of financial and economic indicators is very useful in supporting
complex decisions that lead to drafting of public policies aiming at expand the contributionof forestry
in bioeconomy context. It should be noted that the functional unit, the scope, the criteria considered,
and the weighting of the indicators are important issues that can influence the results among the
alternatives being considered. Therefore, researchers and decision makers must carefully analyze these
aspects when proposing solutions to a multicriteria problem.
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