View metadata, citation and similar papers at core.ac.uk

brought to you by
provided by Crossref

Hindawi Publishing Corporation
International Journal of Forestry Research
Volume 2012, Article ID 340865, 13 pages
doi:10.1155/2012/340865

Research Article
Energy-Based Evaluations on Eucalyptus Biomass Production

Thiago L. Romanelli,! Marcos Milan,' and Rafael Cesar Tieppo?

I'College of Agriculture “Luiz de Queiroz” (ESALQ), University of Sao Paulo (USP), Avenida Padua Dias 11 C.P.9,
13418-900 Piracicaba, SP, Brazil

2 Graduate Program in Engineering of Agricultural Systems, College of Agriculture “Luiz de Queiroz” (ESALQ),
University of Sao Paulo (USP), Avenida Padua Dias 11 C.P.9, 13418-900 Piracicaba, SP, Brazil

Correspondence should be addressed to Thiago L. Romanelli, romanelli@usp.br
Received 13 July 2012; Revised 21 September 2012; Accepted 30 October 2012
Academic Editor: Brian C. McCarthy

Copyright © 2012 Thiago L. Romanelli et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Dependence on finite resources brings economic, social, and environmental concerns. Planted forests are a biomass alternative to
the exploitation of natural forests. In the exploitation of the planted forests, planning and management are key to achieve success,
so in forestry operations, both economic and noneconomic factors must be considered. This study aimed to compare eucalyptus
biomass production through energy embodiment of anthropogenic inputs and resource embodiment including environmental
contribution (emergy) for the commercial forest in the Sao Paulo, Brazil. Energy analyses and emergy synthesis were accomplished
for the eucalyptus production cycles. It was determined that emergy synthesis of eucalyptus production and sensibility analysis for
three scenarios to adjust soil acidity (lime, ash, and sludge). For both, energy analysis and emergy synthesis, harvesting presented
the highest input demand. Results show the differences between energy analysis and emergy synthesis are in the conceptual
underpinnings and accounting procedures. Both evaluations present similar trends and differ in the magnitude of the participation
of an input due to its origin. For instance, inputs extracted from ores, which represent environmental contribution, are more
relevant for emergy synthesis. On the other hand, inputs from industrial processes are more important for energy analysis.

1. Introduction

The Commercial forests in Brazil focus primarily on Pinus
spp- (1.79 million ha) and Eucalyptus spp. (4.51 million ha),
[1]. Planted forests are a biomass alternative to the exploita-
tion of natural forests. Silviculture systems are economic and
thermodynamic units, subject simultaneously to constraints
of profit loss, as well as, the laws of physics. So, for plan-
ning and assessing forestry operations, both economic and
noneconomic factors must be considered, demanding a
systemic view [2].

A dependence on finite resources causes economic,
social, and environmental concerns. After a certain level,
there are neither technical nor economic reasons for the
field management to be intensified, regarding the output
result due to the higher use of inputs (fertilizer, etc.). Thus,
there are conflicting requirements in trying to reach higher
yields from a limited agricultural area through the minimum
use of energy embodied in the inputs. This conflict can be

diminished through the analysis of the interaction between
the crop and the energy applied to its management. The
evaluation of how production systems demand and supply
energy is vital [3]. Energy analyses establish flows, identify
the total demand, the energy balance, and the energy return
on the invested energy (Eror), as well as, the energy embod-
ied (intensity) in a product or service. Energy balance refers
to the net energy gain per area while Eroy refers to the ratio of
energy made available by the required energy in a process and
it can be understood as “energy profitability” [4, 5]. Energy
intensity is the energy embodied directly and indirectly per
unit of the obtained product. One must consider all input
energy, not only the applied sources (electricity, fuels), but
also the energy embodied in input production and services.
Regarding the more complex system and the services the
environment provides to production system, the concept of
emergy (spelled with an “m”) was introduced, to properly
account for the quality of matter, energy, and information
flows within systems, including their degradation due to
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second law losses during transformation processes [6]. By
definition, emergy is the amount of available energy (or
exergy) of one type (usually solar) that is directly or indirectly
required to provide a given flow or storage of energy or
matter. Although there are numerous studies comparing
stand management methods (rotation times, reforestation
alternatives, and multiple-use management) [7-9], the oper-
ational processes for intensive forest management are rela-
tively standardized in our study area. Thus, there is a greater
need for studies of commercial forestry that compare energy
and material flow requirements of operational techniques
to maximize sustainability within the confines of existing
feasible alternatives (i.e., cognizant of the simultaneous profit
objective). Field efficiency, maintenance schedules, and,
more generally, sensitivity of production systems to subtle
operational changes are usually evaluated in economic costs
and benefits, but rarely for their comparative sustainability.

Considering the search for sustainability in production
systems, the insertion of noneconomic parameters in the
decision making in eucalyptus (Eucalyptus spp.) in Sao Paulo
state, Brazil, this study aimed to compare eucalyptus biomass
production through energy embodiment of anthropogenic
inputs and resource embodiment including environmental
contribution (emergy). We explore the sensitivity of results
to three alternative agricultural inputs used to adjust soil
pH (limestone, ash, and sludge), and delineate operational
resource requirements by type (renewable, nonrenewable,
and purchased) and phase (e.g., planting, fertilizing, and
harvesting).

2. Material and Methods

Our analysis of eucalyptus production cycles comes from the
municipality of Itatinga in Sao Paulo state, Brazil. We focus
on production systems on existing plantation lands because
implantation on new lands in Brazil is significantly con-
strained by land limitation. In order to determine material
flow and input requirements per hectare in the production
system, data on the operational details of the production
system were obtained for a 1,700 ha plantation owned and
managed by a private company, which operates 300,000 ha
of plantation throughout Brazil. We used the company’s
internal reports as the basis of our analysis. Data are for oper-
ations through a single rotation, excluding transportation of
harvested biomass to utilization facilities. These data were
checked through field measurements and personal commu-
nication with the foresters. Harvesting is done on 6- to 8-
year rotation with relatively uniform average yields regionally
(41.5m> ha~! yr~!; range 19.0 to 70.0 m* ha=! yr™1).

Our study was developed through the following steps:
(1) determination of the diagram and energy flows of a pro-
duction system of eucalyptus in Sao Paulo state, Brazil; (2)
evaluation of its performance using indicators such as energy
balance, energy return on investment, and energy intensity;
(3) determinate emergy synthesis of eucalyptus nursery
and biomass production; (4) use a proposed algorithm
to determine these indicators for scenarios and sensibility
analysis, the basic scenario is lime (applied to adjust the soil
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acidity) and two alternative scenarios, which used ash and
sludge, instead of lime.

The evaluation of the energy flows considered the fuel
consumption, the machinery depreciation, the labor, and the
inputs directly applied in each mechanized operation per-
formed. The mechanized operations were performed in
the following sequence: lime application; subsoiling (plus
fertilizer and pesticide application); furrowing; planting;
irrigation; spraying (herbicide); fertilizer application (14-
00-15 in the 3rd month); spraying (herbicide); fertilizer
application (KCl in the 8th month); spraying (herbicide);
fertilizer application (14-00-15 in the 2nd year); harvesting.
Ant control and replanting are operations that are performed
according to the need and they were considered in this study.

Through the analysis of energy flows, one can establish
the pattern of energy flow, identify the total demand, and
determine the energy performance that can be reflected by
the net gain as well as by the ratio of energy made available
regarding the energy invested. The indicators used to evalu-
ate this performance are energy balance (Ep), Eror (energy
return on investment), and energy intensity (Ej). Ep refers
to the net energy gain per area while Eroy refers to the ratio
of energy made available by the required energy in a process
and it can be understood as “energy profitability.” E; is the
embodied energy per unit of the obtained product. E; is an
important indicator for products which have no energetic
use (e.g., fiber). These indicators are determined through the
energy input (Ejp) and output (Eop) flows. For the Ep to
be determined (1), the energy input flow (Ejr) is subtracted
from the output flow (Eop), resulting in the net gain per area.

Some authors refer to the energy balance as the ratio
of energy made available and the required by a production
system [6, 10]. However, in this study, we adopted the ratio
term of Eror (2) [4]:

Ep = Eor — Ei, (1)
Ep

E = —, 2

ROL= o (2)

where Ep = energy balance, M] ha™!; Ejp = energy input flow,
MJ ha™!; Eor = energy output flow, MJ ha™!; Ero; = energy
return on investment, MJ MJ~1. This consideration is due to
the recognition of some authors of different energy quality
reflecting their entropy level and origin. If this consideration
was not done, Eror would be nondimensional.

Considering the possibility of the harvested biomass not
being used for energetic purposes, it is reasonable to relate
the product obtained and the energy input in the production
system. This is indicated by the energy intensity (E;):

Eip
EI = Y > (3)
where Ej = energy intensity, M] m~%; Y = yield, m*ha~".
The algorithm used to determine the material flow of
inputs indirectly applied in the mechanized operations was
developed by [11], as showed in Figure 1.
The process starts (1) (Numbers between brackets indi-
cate steps in the flow chart presented in Figure 1.) with
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F1GURE 1: Flow chart developed to determine energy and emergy flows [11].

the data input about the planted forest (2), applied labor
(3) and the mechanized operations (4). The mechanized
operations set covers implements (5) and the fleet (fleet
here considered approaches self-propelled machines, such as
tractors, harvesters, self-propelled sprayers.) (6), as well as
the prescription of agricultural inputs (8). Soil condition (7)
affects the traction demand (14). The data about the forest
(9) (tree volume, average tree height, and debarking during
harvesting) determine the processing capacity, m*h~! (19).
The ratio of processing capacity and yield (10), m*ha~!,
provides the operational field capacity (Fc) for harvesting
(20), hah™!. In this case, harvesting Fc is not based on width,
speed or on the work efficiency as in the other operations
(21). Harvesters present processing capacity and the forest
conditions determine the operation efficiency. Some studies
present specific data for subsystems that are part of har-
vesting [12]. The data on implements (12) and fleet (13)
are mass, useful life, work width and speed, work efficiency

and depth (soil tillage). Mass and useful life provide the
physical depreciation of the machinery (25). Width, speed,
and field efficiency determines field capacity (21). Depth and
soil condition (14) affect the power requirement (17). The
power of the fleet (6) determines available power (16). The
ratio (18) between required (17) and available power (16)
determines the specific fuel consumption (22). The specific
fuel consumption and the required power (17) determines of
the hourly fuel consumption (Lh™!) (23), which is related to
the field capacity provided by the operational consumption
(Lha™') (26). One must emphasize that fuel consumption
may vary due to the tractor features such as tire type,
weight, and work speed [13]. The labor data—number of
workers and daily work period (11)—related to the F¢ (21)
determines the human labor per area (24). Since application
rate of agricultural inputs are determined by technical
prescription (15), the quantity of inputs (volume, mass, and
units) per area is provided directly (27). Multiplying each



variable, labor (24), material depreciation (25), fuel (26),
and inputs (27) by their respective energy index (28) is
possible to determine the energy input of each variable in the
production system. Summing the individual contributions
provides the methodology indicator (29).

For the energy evaluation, the multiplication of the
energy content (28) of wood and yield (10) provides the
energy output flow (Eop). The input flow and yield (10) indi-
cate the energy intensity of the harvested biomass. Eror and
energy balance (Ep) are determined by the input and output
flows.

We followed environmental accounting protocols previ-
ously outlined [9, 14, 15], to determine Emergy Synthesis for
this system, which starts with the development of an energy
systems diagram that summarizes the resource basis of the
operation. This diagram is used to identify key inputs to
each system. From the diagram, we compiled a list of direct
and indirect inputs necessary for production; these flows
are allocated to renewable, nonrenewable, and purchased
(Figure 2) at this stage.

This list forms the basis of an environmental accounting
table, with each input listed along with the physical flow
and the reported units. To meaningfully compare resources
of different kinds, we convert physical units (g, J) by UEVs
(sej unit™!) tabulated from the existing literature to estimate
emergy (sej). All tables include the source of both the
biophysical flow (e.g., mass of fertilizer used per hectare per
year) and the UEV assigned to that flow (e.g., sej g~! for that
fertilizer). In all tables, UEVs are corrected for the new global
emergy baseline [7]. Key outputs of an emergy synthesis
include computing UEVs for the products (sejJ~! or sejg~!,
depending on the product) and a systems-level metric for
comparative assessment among competing systems based on
the manner in which emergy is partitioned within a given
system (Figure 1). From these flow partitions, we compute
the emergy yield ratio (EYR), which is the ratio of emergy
yield from a process to the emergy costs:

EyR = RANHE (4)
F
where R (renewable), N (local nonrenewable), and F (pur-
chased) are partitions in the overall emergy budget of the
production process. EYR is a measure of how much a process
contributes to the larger scale system, and a system-level
metric of energy return on investment [16].

Biomass from these systems is harvested for pulp and cel-
lulose but could alternatively be used for energy; throughout,
we provide UEVs for both mass (sej g~!) and energy (sejJ ')
to reflect these potential dual uses. We note, however, that
for the particular operation we have only considered the
energy content of the pulpwood (limbs and bark have
been ignored); thus, the UEV per unit energy (sejJ™!) is
probably an overestimate. The operation examined here uses
two mechanized harvesters operating continuously to fell
the trees; eight laborers per harvester per shift operate the
machinery and manually delimb and crosscut the trees into
logs with chainsaws. Two forwarders transport the logs
to roadside; costs of transport to a subsequent utilization
facility are not included.
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After the determination of these indicators the use of this
algorithm is ended (30).

2.1. Scenarios and Sensibility Analysis. The base scenario
(lime is a conventional material used to raise soil pH) was
the production system evaluated. The two alternatives (ash
and sludge) regarding the soil acidity adjustment were also
analyzed.

Our goal was to determine whether there are meaningful
differences in overall resource requirements between these
three alternatives—two of which are recycled products. We
note here that, although ash and sludge have consider-
able N, P,Os, and K,O content, fertilization rates were
held constant for all three scenarios. Dry matter (DM)
application rates were 7,700kg DM ha~! for sludge and
3,000kg DM ha™! for ash. The costs of transport of the
amendment to the production site are computed based on
emergy transportation costs of 2.4E11sejMg~'km™!; we
assume 100 km transport in all cases. From the perspective
of sustainability analysis, it is essential to note that we
have not embedded this analysis in the larger scale system,
wherein sludge and ash represent waste products that would
require emergy for disposal and wherein this emergy is
obviated by use for soil pH management. That is, where the
amendments are recycled from wastes, the emergy of their
input may be neglected, and the only costs attributed to the
production system are those associated with the transport of
the material. We explore the implications of this assumption
by comparing the UEV values computed for the base case
(pH management using 1,000 kgha™! limestone, with those
computed for the ash and sludge amendments with and
without their emergy included. For energy analysis, the input
energy was the indicator compared to the base scenario. For
the first case “Raw”, we include the emergy in the sludge or
ash in the total emergy use; in the second case “Recycled” we
neglect the emergy in the amendment and only tabulate the
transportation costs.

To perform sensitivity analysis, critical variables were
selected. So, the effect in other indicators could be measured.
This technique was applied in the mechanized system
management by [17]. Through this analysis, improvements
can be made in the sustainability of forestry production.
Changes in the uses of labor, agricultural inputs, machinery,
and in the machinery management were suggested to be
compared in the base scenario (lime as soil acidity corrector).
The base scenario was changed to 10% more field efficiency
(+Fg); 10% less used power (—Pow); 10% more useful
life (+Ur); 10% less labor (—Lay); 10% less agricultural
input (—Aj), except the seedling use. The scenario +Fg
represents the tractor-implement set or the self-propelled
machine (e.g., combine) operating on 10% more area per
time. For this to be possible, it is necessary for some of
the following management changes: increase the machinery
width, increase the work speed, to have a better plot shape,
and better plan maneuvers. The scenario — P, was suggested
to evaluate the effects on the overall energy demand of the
fuel consumption. The scenario +U} aimed to measure the
improvement of a better maintenance and/or machinery
durability. The scenario —L,, was suggested to check the
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effects of human labor use. And, finally, the scenario —A;
explored the effect of better use of inputs through genetic
developments, for instance.

3. Results and Discussion

3.1. Energy Analysis. Results of energy analysis were based in
[17]. The physical aspects of biomass production, through its
material flows for every mechanized operation were deter-
mined in [17] (Figure 3). The values of material flow were
presented and grouped by their type with their respective
embodied energy. The product of these two values results the
energy input flow, which was calculated also considering the
forest rotation period (energy input flow divided by time) for
further comparison with other biomass production systems.

Although these numbers give the impression that euca-
lyptus is an efficient energy source, one must highlight that
this analysis only approaches the inputs acquired in the mar-
ket, not considering the soil, climate, and hydric conditions
that propitiates the presented production potential. Consid-
ering the average sunlight in the region (3.91 GJha='s™1)
through a typical seven-year rotation, the total solar energy
applied would be 8.56 10° GJ, which represents 2.36 10° times
more energy than that presented in all agricultural inputs or
397 times more energy than the contained in the calorific
power of the harvested wood. There are methodologies
just as emergy synthesis that approach the environmental
contribution [9, 18, 19], but since these production means
are free they are not taken into account in the energy flow
determination.

The values obtained, considering the incident solar
energy, agree with the second law of thermodynamics. Most
authors, when discussing energy sources and renewable
energy, do not mention that there is no energy generation
such as it seems by observing data that exclude solar energy.

What really exists is the energy availability, through energy
transformations and their intrinsic losses.

The net energy made available (Eg) and the energy
“profitability” (Egror) are both important for an energy
source to be evaluated. But, in both indicators, the time spent
on making the energy available is not considered. Relating
these indicators with the period demanded for the forest to
be harvest, one can obtain the annualized indicators, which
allow the comparison of different production systems that
surpass one-year period. On the other hand, the annualized
indicators would overestimate annual crops which are grown
in the better weather seasons that are not kept throughout
the whole year.

For the use of the developed algorithm and its results to
be validated; we looked for data available in the literature.
Either the energy intensity of biomass [17] or the input
energy [17] was used in this comparison. The results of the
alternatives lime, ash, and sludge are between the lowest
[20] and the highest values [21]. Although the amplitude
of these values are considerable 61.6% (from 123.8 to
200 MJ m~?) the 26 years of difference between these papers
show the difference on soil use in Sweden where both works
were carried out.

The base scenario had the energy intensity 0.7% above
the minimum found [20] and 16.9% and 37.7%, respectively,
below the minimum and maximum limits found in [21]. The
algorithm presented results within the range provided by the
references. The sludge scenario is closer to the maximum
found although it represents a tropical production system.
But this high energy content is due to the methodology which
establishes the energy indicator according to the sludge’s
NPK content.

The greater amount of energy, demanded in the current
production systems, is due to the intense adoption of agricul-
tural inputs and machinery. Again, the sludge scenario stood
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out from the others, with 39.30% greater energy demand
than the second one [16]. This is explained by its higher
content of industrialized nitrogen (the most energetically
intense nutrient) and by the amount applied per area
(7,700.00 kgha™1).

Besides lime, there is the possibility to use ash or sludge as
a corrector of soil acidity by the production system evaluated;
their characteristics are shown in [17].

The embodied energy of the alternative materials for
soil acidity adjustment was determined considering their
NPK content. This estimative does not seem to be the most
appropriate one since the NPK content may not represent
the actual energy content of the material. This method only
regards the avoidance of synthesis or extraction the equiva-
lent of nutrients. Although the alternative materials present
more NPK content than lime, no difference on the fertiliza-
tion planning is observed.

Due to the larger amount of alternative material (lime,
ash, and sludge) applied to adjust soil acidity, the input
energy increased, making them less environmentally attrac-
tive, according to the adopted indicators: energy intensity,
Eror, and energy balance [17]. The input energy was 5.7%
and 57.2% higher for ash and sludge, respectively. The
same differences were observed in the energy intensity
comparison. Their Ero; indices were 95.0% and 63.1% of the

base scenario’s index. Energy balance had a decrease lower
than 1% for both.

For a better comparison among the alternative uses of ash
and sludge, an analysis at a larger scale should be conducted.
When ash and sludge (or other residues to be discarded)
are used, society avoids the demand for landfills, transport,
and storage. So, these indirect benefits could be taken into
account as energy flows in the determination of the most
environmental friendly option.

Fuel and fertilizers are responsible for 79.3% of the
demanded energy (around 75% in the ash and sludge sce-
narios). Fuel was the main energy intense input with around
three times more than fertilizers. Since fuel is an input
indirectly applied, distinctly from fertilizers, seedlings, and
so forth, one highlights the importance of monitoring “how”
the inputs are used and not only “how much” is applied.
Machinery management plays a vital role on monitoring how
the assets are being used. It was chosen to treat fertilizers
(06-30-10, 14-00-15, and KCl) as one group, in which they
represented 27.7%, 59.4%, and 12.9% of the energy content
within the group, respectively.

However the results show eucalyptus production is
an efficient energy source, one should highlight that this
analysis only contemplates inputs purchased in the market,
not taking into account environmental services such as soil,
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TasLE 1: Indices of energy efficiency considering solar energy.

Indice Value Unit

Eror -1,0 MJMJ!
Eroy year™! -0,1 MJMJ ! year™!
E; 2,95E + 09 GJm™3

Eumr —8,54E + 08 GJha™!

Ep year™! —1,22E+08 GJha!year™!

weather, and hydric conditions, which provide the presented
potential yield.

For practical means, considering the average insolation in
the region (3909 kJ ha=! s7!) in the production cycle (seven
years), the total solar energy applied in the system would be
8.56E8 MJ. This value is 2.36E5 times higher than the energy
amount demanded by the purchased inputs or 397 times
higher than the calorific power of the produced biomass.

When considering sunlight energy (Table 1), the indi-
cators follow the second law of thermodynamics, which
states that all transformation of the energy from one kind
to another promotes losses of energy (entropy). Most of the
authors neglect this fact, when discussing about alternative
energy, renewable and bioenergy, numbers such as those
showed in adopted indicators [17] may make readers believe
that there is energy generation instead of energy being made
available at expenses of entropy increase.

Energy demand per operation and class of input data
from the base scenario were used in order to detail the
production system regarding its mechanized operations and
inputs directly (agricultural inputs) and indirectly (fuel,
depreciation, and labor) applied [17]. From the four produc-
tion factors, fuel and agriculture inputs represent almost the
whole energy demanded (95.8%), getting the status of the
most important for the search for environmental efficiency
improvement. Regarding the mechanized operations, the
harvesting is the most important by far. The magnitude of its
values is due mainly to the low field capacity (0.055hah™!)
which necessitates hourly consumption to be multiplied by
the 18.20 hours taken for a single hectare (290.50 m> ha™!)
to be harvested.

Besides harvesting, fuel is important also in irrigation
due to the use of a tank-truck to support to the operation.
Except for these operations, only the agricultural inputs
directly applied are in list of the main energy demanders.
Although pesticides present high-energy indices (80 to
450 MJ L™1), little volume is applied per area making them
not an import energy demander. But, in a case of over dosage,
although the little energy-demand effect serious environ-
mental issues may be posed be toxicological effects.

3.2. Emergy Synthesis. Results of emergy synthesis was based
in [9]. Figure 3 summarizes the resource basis of eucalyp-
tus production, including renewable environmental inputs
(rainfall, wind, and sunlight), natural stocks (soil loss), eco-
nomic stocks (operation machinery), and purchased flows
(fuels, pH management materials, propagules, fertilizer and

pesticides, new machinery, and labor). Material flows and
UEVs for each input are based in [9], however the values
were set for the conditions found in [17], in which the
support transport fleet was not taken into consideration
(Table 2). Because the rotation cycle is 7 years from planting
to harvesting, we report output data on both a total basis
(after 7 years) and as an annualized flow.

Yields of pulpwood are reported in m® and J. The
study system was assumed to yield 290.5m? of pulpwood
(41.5m>ha~!yr'), representing 2.2E12] of energy (pulp-
wood only) per hectare.

To evaluate the resource basis of this level of production,
we start by summarizing the inputs for the case of using
lime for pH management. As with the seedlings, a small
number of the inputs represent most of the resource bases.
In this case, the top four inputs comprise almost 90% of
the total inputs. For all scenarios, the primary input to the
process on both a full rotation and annual basis is transpired
water (57-62% of total use) delivered primarily from rainfall;
limited irrigation is observed in some sites. Diesel (14—16%),
fertilizers (8-9%), pH control (1-13%), and labor (6-7%)
follow. Out of the total fraction of emergy agricultural inputs
(fertilizers, lime, seedlings, and pesticides) and diesel fuel
were the largest fractions at 54.10% and 26.70%, respectively
(Table 3). Labor, another purchased input, represents 17.80%
of the total use, which contrasts strongly with the seedling
production system, where labor represents almost 30% of
total use. Final output indices, which relate the resource basis
for production with physical yields, are reported in Table 3.
The UEV was 9.6E03sej]~!, and the EYR was 2.01 for the
base case in which lime is used for pH control.

3.3. Detailed Analysis of Operations. In an effort to under-
stand operational requirements for each phase of stand
management, we decompartmentalized the production sys-
tem into operational stages (e.g., harvest, pH management,
and fertilization) and report the emergy required in the
form of inputs (agrochemicals and lime), diesel fuel, and
labor for each (Table 3). Each line in this table is the
percentage of total purchased inputs (F in Figure 2) for each
entry; we omit the contribution of machinery depreciation
here, which represents only 1.5% of total purchased emergy
use. Harvesting requires most of the purchased emergy
inputs (operational work capacity is 0.55hah™!), almost
all in the form of diesel and labor; pH management was
next. This finding suggests that, from the perspective of
increasing ecological efficiency, the primary focus should
be on harvesting efficiency and pH management. Most
of the emergy for lime application is in the lime itself,
whereas for irrigation, the primary resource was not water
but the diesel required to distribute the water. Further, the
roles of fertilization (12.1% of total purchased emergy over
three applications) and herbicide application (2.5% of total
purchased emergy; included in “Other” in Table 3) over the
entire rotation are comparatively small from an ecological
efficiency perspective. In total, the indirect inputs (diesel
and labor) make up almost 55% of the total purchased
emergy, reinforcing the need to look at both direct material
requirements for production and indirect requirements.
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TaBLE 2: Emergy evaluation of eucalyptus plantation (7-year cycle); yields are for pulpwood only.
Note Item Quantity Unit UEV Solar emergy flow
unit ha™! sej unit™! Per rotation E12 sejha™!  Per year E12 sejha~! yr~!
Environmental inputs
1 ?‘fat;zlt anspiration 3,85E11 J 30,576 11,775.50 1,682.21
2 Topsoil loss 70E03 g 7.18E08 50.00 7.14
Purchased loss
3 Diesel oil 529.20* L 3.90E12 2,063.80 294.84
4 Machinery 17,700 g 6.70E12 119.00 17.00
4 Labor 3.03E08 ] 4.50E06 1,362.26 194.61
6 Fertilizer (06-30-10) 2.60E05 g 4.6E09 1,202.95 171.85
6 Fertilizer (14-00-15) 4.00E05 g 1.50E09 578.34 82.62
7 Formicide 1,000 g 2.50E10 24.86 3.55
8 KCl 1.50E05 g 1,50E09 229.28 32.75
3 Lubrificant oil 22.80 L 3.85E12 87.78 12.54
7 Scout 7.60 L 2.49E13 188.97 27.00
9 Propagules 1,845 Unit 1.60E11 295.00 42.20
10 Water 5.56 L 1.26E09 7.00 1,00
11 Lime 1.0E06 g 1.68E09 1,680.00 240,00
Transport lime to site 100.00 tkm™! 2.40E11 24.00 3.43
Total inputs 2,812.74
Outputs
12 Harvested pulpwood 290.50" m’ ST, 19,457.44 2,779.63
13 Harvested pulpwood 2.16E128 ] ST, 19,457.44 2,779.63
ST, UEV harvested biomass (volume) 6.70E12 sejm~>
9.57E11 sejm 3 yr!
ST, UEV harvested biomass (energy) 9.02E02 sejJ !
1.29E02 sejJlyr!

TAssuming use of wood as biomass for pulp and cellulose mills.

§ Assuming use of pulpwood as biomass for energy; these data do not include energy in nonpulp products (bark and limbs), which might be used when energy

is the principal output.

(1) UEV for evapotranspiration = 3.10E4 sej J~! [22], evapotranspiration = (7,796 mmha~!) % (1.00E4 Lmm™' ha) * (1kgL™!) * (4.94E3Jkg™!).

(2) Topsoil loss based on the organic matter content = (5.4E4 kcal kg™! OM) * (1,28% OM)* (4.17E3 ] Kcal 1) * (2.4E5sej] ! [23]) = 7.18E11sejkg ™.

(3) Diesel UEV and emergy content [6] = (1.32E8 ] galao™!) s (1 gallon 3.8 L7!) % (1.1E5sejJ~!) = 3.85E7 sej L1

(4) UEV for machinery depreciation = (6.7E9 sej g~ 1), [22] after [24], Per kg = (6.7E9sejg!) * (1,000 gkg™!) = 6.70E12 sej kg~ !.

(5) UEV for labor 4.5E6 sej ] ™1, by [25], energy of human labor = (231.8 h) % (2500 kcal dia=!) * (day 8 h™!) * (4,186 kcal™!) = 3.03E8 ].

(6) UEVs: K,O = 2.92E9 sej g71 K [6] * 83%K K,0~!, P,Os = 2.99E10 sej g71 P [6] * 43,7% P PzOsil, N = 7,7E9 sej g71 N [6], 06-30-10 has 6% N, 30%

P,0s5 and 10% K,O; and 14-00-15 has 14% N and 15% K;O.
(7) Based on the UEV of pesticides 2.49E10 sej g~ * 1000 gkg™! [25].

(8) UEV: K,0 = 2.92E9 sej g~! K [6] * 1,000 gkg~!, KCI * 63% K,0 KCI~!% 83% K-K,0~ 1.

(9) UEV of a seedling is 1.6E11 sej, from [9].

(10) Water potential chemical energy (4,94E3 J kg~!) multiply by irrigation UEV (4,28E5sej] !, [24] = 1.26E9 sejkg~! or 1.26E9 sej L~! H,O.
gy g ply by 1rrig ) ) Kg ]

(11) Lime UEV (1.68E10sejg™!) [6].
(12) Yield = (41.5m> ha=!ano™!) (7 years) = 290.5m> ha~!.

(13) Wood energy content = (290.5m> ha™!) % (495kgm~3) * (1.5E7Jkg™!) = 2.16E12Jha~!, energy content [26] from [27].
*[9] considered the purchased loss of diesel oil as 783.50 Lha™! because it was accounted for to support two trucks for repair and fuel used together for two

harvester and forwarders.

3.4. Scenarios for Managing pH. Selection of pH control
amendment and assumptions about how emergy is allocated
in the system exert significant control over the results.
Because we assumed no increases in fuel consumption,
labor, and machinery depreciation with different applica-
tions, observed differences among pH management scenarios
(Raw) are due to the amount and UEV of ash and sludge

applied (Table 4). Assumptions about additional fuel and
labor requirements are likely to be incorrect but are justified
because the overall fuel and labor requirements are compar-
atively small (Table 3).

Resource requirements under the two alternative pH
management scenarios are higher than those with limestone
(Table 4) when the assumption is made to include the emergy
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TABLE 3: Percentage of purchased emergy inputs (F) per operations and classes*.
Operations E.me.:rgy demand per class (%)
Fuel Emergy depreciation Labor Input Total
Harvest 24.20 1.00 13.00 1.20 39.40
Limestone application 0.20 0.00 0.10 22.00 22.30
Subsoiling + fertilizer + herbicide 0.50 0.00 0.20 16.10 16.80
Fertilizer application (2nd year) 0.20 0.00 0.10 4.70 5.00
Fertilizer application (3rd month) 0.10 0.00 0.10 3.00 3.20
Fertilizer application (8th month) 0.20 0.00 0.10 2.80 3.10
Planting 0.10 0.00 0.80 2.00 2.90
Outros 1.30 0.10 3.50 2.30 7.20
Total 26.70 1.30 17.80 54.10 100
“From 16.80% of the emergy total subsoiling, 15.70% represents fertilizer (06-30-10) and 0.40% the herbicide.
TasLE 4: Alternatives for soil pH control.
System parameter Scenario
Lime Ash Sludge
Input mass of pH amendment (kgha™! rotation™!) 1000 3000 7000
Input emergy of pH amendment (sej ha™! rotation™!) 1,68E16 2,84E16" 6,40E16%
UEV of the obtained product (sej ] 1) 9,02E02 9,56E02 1,12E03
EYR 2,54 2,34 1,95
ELR 0,65 0,75 1,05
EIR 0,65 0,75 1,05

"Based on organic matter content = (3,0E6 gha~!) % (0,3363gMO g~!) % (5,4kealg™!) * (4186 Jkeal™!) * (1,2E5sejJ~! [6] = 9,45F11 sejkg~". Ash com-

position by [28].

#Based on organic matter content = (7,7E6 gha™!) * (0,29584gMO g™ !) * (5,4kcalg™!) * (4186Jkcal™!) x (1,2E5sej]J! [6] = 8,31F11 sejkg™!. Sludge

composition by [29].

in the amendment in the calculations (i.e., in addition to
the transportation costs). In all cases, the transportation
costs (assuming 100km transport distance) are negligible.
The emergy contained in the lime (1.70E16sej) is nearly
half that required for similar pH regulation when using ash,
and approximately one-quarter of the emergy required for
the same service using sludge. Synthesis indices for each
scenario suggest that the resource basis for production is
substantially higher with both ash (UEV 1.0E4sejJ~!) and
sludge (UEV 1.2E4sej]™!), which correspond to ecological
efficiency declines of 5.6 and 22.7%, respectively. Decreases
in the EYR (less yield per unit investment) parallel this
general conclusion.

When we neglect the emergy cost of the inputs (because
they were created for another reason and are energetically
free except for transportation), the UEV for pulpwood drops
to 8.8E03 and 8.9E03 for the ash and sludge amendments,
respectively; transportation costs assuming 100 km of travel
are included in this Recycled scenario. The EYR shows par-
allel changes (2.65, 2.62, and 2.34 for ash, sludge, and lime),
with greater yield per unit investment for both pH control
scenarios using recycled products. This result underscores
the sensitivity of UEVs to assumptions about the system and
the potential benefits of material recycling.

3.5. Analysis of Operations and pH Management. One of the
central conclusions of this work is that the indirect input

requirements for operations (diesel and labor in particular)
are large (55% of total purchased emergy) in comparison
with the products that are the direct inputs (fertilizers and
pesticides). Further, most of the resource use is during har-
vest (42% of total purchased emergy), suggesting that efforts
to improve efficiency should be focused there. However, we
note that it is difficult to appreciably reduce fuel consump-
tion at harvest because engine efficiency is relatively fixed, at
least in the short term. The large amount of diesel demanded
during harvest is due to high hourly consumption and low
fieldwork capacity. As we observe below, improvements in
this area will most likely come from increases in operational
harvest work capacity (OcH). The largest direct input in
the base case was lime for pH control (21%), followed by
the suite of fertilizers used throughout the rotation (10%).
Among the fertilizers, phosphorus is the most emergy-
intense material, followed by nitrogen and potash. However,
this relatively small fraction of the total purchased emergy
that is in the form of fertilizers suggests that ecological
efficiency is not greatly influenced by application rates and
that the primary driver of recommended application rates
should be considerations of downstream water quality.
Management of pH is a more complex problem. We
showed that lime provided the service of pH regulation with
the least resource input when we assumed that the emergy
in the alternative amendments was included in the system
budget. Use of waste products such as ash and sludge is,
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however, advocated on the basis of considerations of a
larger system context. In particular, sludge and ash pH
amendments represent by-products of industrial metabolism
(i.e., waste); analyses at the next larger scale, which includes
regional coproduction of both pulpwood and ash and/or
sludge, are expected to show substantial benefits of their use,
both by offsetting resource requirements of providing lime
and also otherwise disposing of the waste. UEVs observed
in a more realistic parallel analysis in which we assume that
the emergy in each of the alternative amendments is zero
(though retaining transportation costs) were markedly lower
(8%) than those for the lime scenario (8.80E03, 8.90E03,
and 9.60E03 for ash, sludge, and lime, resp.). We justify this
assumption of zero emergy in the material based on [6], who
discusses the critical need for multiscale and multiuse analy-
ses in public policy development. Specifically, if a product is
a waste flow that can be diverted for productive use, then it is
appropriate to omit its emergy from the quantitative analysis
of resources required. Sensitivity to this assumption is clear,
which is our rationale for providing both analyses.

3.6. Comparative Pulpwood Production. The UEV deter-
mined for harvested pulpwood biomass on an energy basis
was 9.50E03 sej ]~ 1. [24] reports UEV values for Eucalyptus
spp- and Melaleuca spp. in Florida (United States) of
2.70E04 sejJ~! for harvested wood. This result suggests that
the production costs in total resource units are 65% less in
the Brazilian operation than in the comparable operation
in the United States. Notably, this finding is due to both
differences in yield (20.00 versus 12.40 Mgha=!yr~!) for
the Brazilian versus the US example, resp.) and differences
in purchased inputs (1.20E15 versus 2.40E15sejha!yr~t,
resp.). We note that the Brazilian operation is situated in a
region that gets nearly twice as much rainfall as the Florida
site.

A more general summary of the relevant literature [8,
15, 24] across wood production systems, UEVs range from
9.50E03sej]~! to 9.0E04sejJ~!) for hardwood production
in Puerto Rico and North Carolina. A more meaningful
comparison, however, is among only those systems oriented
toward pulpwood production. Systems in which the primary
output is not pulpwood appear in italics; among the others,
the Brazilian example explored here has the lowest UEV,
though short-rotation willow (salix spp.) production in
southern Sweden had similar efficiency. The mean UEV for
pulpwood appears to be near 1.80E04 sejJ~!. Because UEV
measures the resources required per unit of similar output
(in this case ] of energy), the Brazilian system under study
here is a clearly desirable choice.

However, operations vary not only in their total resource
requirements but also in their relative proportion of
resources of different kinds. This difference can be important
because society may be willing to accept slightly lower overall
efficiency (i.e., higher UEV) if the resource base supporting a
given operation is more reliant on local or renewable sources
of emergy. This issue is discussed further in the context of
producing electricity in [30].

The EYR is comparatively high for pulpwood produc-
tion, revealing the substantial fraction of input emergy from
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“free” sources (local stocks and renewable flows). Notably,
the willow system in southern Sweden and eucalyptus
operation in Florida have lower EYR values, which imply
lower return on investment. We note here, however, that the
EYR values are not directly comparable with energy return
on investment [26]. Despite the relative intensity of this pro-
duction scheme, the EYR for this operation is comparatively
low, even contrasted with that of other tropical plantation
forest operations (slash pine EYR 2.82, siris EYR 2.32), both
of which have substantially longer rotation times.

3.7. Energy versus Emergy. The methodology of energy
flows follows an economic point of view, considering only
the purchased inputs required by the production system.
The energy gain represented either by the energy balance
or the Epor does not take into account free resources
such as the contribution of the environment in which the
production system is located. On the other hand, emergy
synthesis considers the role of the environment either in the
production site or in the processing of obtaining an input.
Comparing the share of mechanized operations (Table 5) and
the inputs, one may notice that fertilizers from ores (K and P)
impose higher impact than nitrogen (artificially synthetized)
for emergy and the opposite for energy. Lime, another input
exploited in ores, presents a major demand in emergy and
not in energy, since in the latter it is considered by the energy
content in its extraction process.

In the both methods, the harvesting presented the highest
demand, because in this operation the volume of fuel (diesel)
demand is high, for the energy analysis (56.7%) as well
as emergy synthesis (39.4%). Secondly, for energy analysis,
the operation subsoiling + fertilizer + herbicide represented
15.4% and 16.8% for the energy analysis (3rd place) and
emergy synthesis, respectively. However, for emergy synthe-
sis, the second highest emergy demander is lime application,
since the the incorporated resource per unit of mass (UEV)
of lime obtaining is higher. Comparing it to energy point-
of-view, since energy in lime just represent its extraction and
not the environmental contribution to have it accumulated
in ores, lime application was only the fifth highest demand
in energy analysis.

Among fertilizer applications, the 2nd and 3rd month
applications have the same NPK concentration (14-00-15),
thus, the energy demand as well as emergy synthesis is higher
in 2nd year application, because the applied amount of
fertilizer is bigger. The 8th fertilizer application was made
with KCI and was applied in the same quantity in the 3rd
month, it represents minor demand because of the smaller
fuel consumption and has less incorporated energy and
emergy.

Other mechanized operations have higher emergy
demand than fertilizer applications, due to labor and fuel
consumption, although input emergy in the fertilizers appli-
cations are superior. In the energy analysis, since the labor
is the smallest representative, the other operations presented
the second highest demand. However the fuel energy
demand for the other operations is higher than fertilizer
applications, therefore the labor has low energy value and
high emergy value.
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TABLE 5: Energy and emergy demand per class for the mechanized operations.

Mechanized operation E.rle}rgy demand per class (%)

Fuel Energy depreciation Labor Input Total
Harvesting 51.0 2.2 1.0 2.4 56.7
Subsoiling + fertilizer + herbicide 1.9 0.3 0.0 13.2 15.4
NPK (14-00-15) application (2nd year) 0.4 0.1 0.0 8.6 9.1
NPK (14-00-15) application (3rd month) 0.3 0.0 0.0 5.1 5.4
Limestone application 0.3 0.0 0.0 4.6 4.9
KCl application (8th month) 0.4 0.1 0.0 3.0 34
Others 1.8 0.1 0.3 0.7 2.9
Planting 0.2 0.1 0.1 1.9 2.2
Total 56.3 2.9 1.4 39.5 100.0
Mechanized operation Er.ne.rgy demand per class (%)

Fuel Emergy depreciation Labor Input Total
Harvesting 24.2 1.0 13.0 1.2 39.4
Limestone application 0.2 0.0 0.1 22.0 223
Subsoiling + fertilizer + herbicide 0.5 0.0 0.2 16.1 16.8
Others 1.3 0.1 3.5 2.3 7.2
NPK (14-00-15) application (2nd year) 0.2 0.0 0.1 4.7 5.0
NPK (14-00-15) application (3rd month) 0.1 0.0 0.1 3.0 3.2
KCl application (8th month) 0.2 0.0 0.1 2.8 3.1
Planting 0.1 0.0 0.8 2.0 2.9
Total 26.7 1.3 17.8 54.1 100.0
3.8. Sensitivity Analysis. The sensitivity analysis for the TaBLE 6: Energy demand in the proposed scenarios (%).
energy demand was performed to quantify how much - — —
changes in the forest management would affect the energy Scenarios Alternatives for adjusting soil acidity
efficiency. The energy input was the indicator chosen to be Lime Ash Sludge
measured. All the scenarios were related according to [17] Base 100.0 105.1 155.6
and, in each case, the suggested changes were evaluated —Py, 99.9 105.0 155.5
through fixed 10% alterations in some production factors. Ly 99.9 104.9 155.4
Th'e mail.l re§u'1t is that the chpice of the mat.erial used to +U, 99.8 104.8 155.3
adjust soil acidity caused the higher difference in the energy yy 96.0 100.6 1461
efficiency. Within each alternative for soil acidity adjustment, ) ) '

+Fg 94.7 99.7 150.2

the largest difference observed was 5.3% (Table 6). The
choice of material reached up to 55.6% of difference.

The higher improvement (5.3%) in the energy perfor-
mance was observed by the increase of field efficiency (+Fg)
and consequently, field work capacity. It was assumed that
this improvement would not represent an increase in any
other production factor (for instance, fuel). Through field
efficiency the production factors indirectly applied (labor,
machinery, and fuel) are reduced per area since all of them
are related to the field work capacity to be expressed in area.
Some management options may make this suggestion possi-
ble, such as plot shape better planned to decrease the time
on maneuvers. The second best improvement came from the
reduction of the agricultural inputs (—A;) with a similar
effect (4.0%). For this to be possible, techniques such as
localized fertilizer application [31] present high potential to
be implemented in forestry. The remaining scenarios did not
change significantly the global efficiency of the production
system. Thus, they would not pose as important factors
to be addressed in the search of improvements on energy
efficiency.

—Pyy: decrease machinery power in 10%. —Lgp: decrease labor in 10%. +Up:
increase in 10% on the machinery life cycle. —A;: decrease in 10% on inputs
used. +Fg: increase of 10% in field efficiency was based on width.

An important aspect to be emphasized about the sensi-
tivities shown is that even little differences on efficiency can
have substantial implications in the resource use efficiency.
Although evaluated at the farm level or even stand level, one
should keep in mind that forestry operations are performed
in million of hectares. So, even slight improvements may
represent a considerable value of fuel saved, for instance.

For the emergy synthesis, sensitivity analysis of total
resource requirements to feasible operation changes are sum-
marized in Table 7 relative to the base case detailed in Table 2.
In each scenario, relative changes in total resource require-
ments are small (3%), suggesting that the system is relatively
insensitive to minor improvements in management. The
most improved scenario was decreasing agrochemical inputs,
followed by increasing operation capacity. Although no
scenario showed marked variation, considering the area over
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TABLE 7: Sensitivity of emergy requirements to alternative manage-
ment (base data 100).

Scenario Lime Ash Sludge
Base 100.0 106.0 124.4
+U,8 100.0 105.9 124.3
—Ly" 99.3 105.3 123.4
—Powt 99.0 105.0 123.4
+Fgt 98.4 104.3 122.7
—AM 97.9 103.3 119.9

"The increase of 10% in field efficiency was based on width, speed work,
maintenance schemes and field shape. ¥ Decrease machinery power in 10%.
SIncrease in 10% on the machinery life cycle. TDecrease in 10% in labor.
T Decrease in 10% on inputs used (purchased input evapotranspiration and
seedling were kept the same).

which operations occur, regional emergy savings could be
significant. Furthermore, scenarios are at least partially
independent, so the relative change with two or more mod-
ifications would be approximately the product of their
marginal effects.

In both energy analysis and emergy synthesis, sensitivity
analysis showed that the larger improvements in the environ-
mental indicators were achieved by, individually, increasing
field efficiency and decreasing the use of fertilizer. Changes in
the sensitivity analysis are considered isolated without effects
among the variables changed (e.g., less fertilizer application
presents less necessity to refill the spreader, resulting in
higher field efficiency). So, the decision making should
consider all the possibilities that could cause these two effects
(more field efficiency and less input use) in order to improve
the environmental performance of the production system
evaluated.

Energy analysis shows the economic point-of-view of
a production system and emergy synthesis considers the
energy memory embodied in natural resources, but both
are options for those looking for reducing the environ-
mental impact. The results show the differences between
energy analysis and emergy synthesis are in the conceptual
underpinnings and accounting procedures, as explained
by [32]. Both present similar trends and differ in the
magnitude of the participation of an input due to its
origin. For instance, inputs extracted from ores, that is,
environmental contribution, (e.g., phosphorus) is more
important for emergy synthesis. On the other hand, inputs
from industrial processes (e.g., nitrogen) is more important
for energy analysis. Changes in the environmental indicators
(UEV for emergy synthesis and input energy for energy
analysis) had similar trend, but distinct magnitudes since, in
emergy synthesis, the participation of local renewable inputs
(evapotranspiration) were responsible for 60.5% of the total
demand). For energy analysis, the whole demand was due
to purchased goods (vis-a-vis less around 39.5% in emergy
synthesis).
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