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Abstract: Using wood for power generation necessitates a more efficient production chain in the
various steps: harvesting, forwarding, storage, chipping, transport, and conversion systems. In this
context, the moisture content (MC) of wood can impact the harvesting operation, the volume to be
chipped, the transportation of raw materials, the storage time, and other factors, thereby influencing
the economic aspects of the chain. The primary objective of this study is to investigate the influence of
wood moisture content on the yield and costs of different forest operation chains for power generation
in São Paulo State, Brazil. Our findings reveal that harvesting and forest transport are the primary
cost components (over 80%) in the supply chains under study. We observed a difference of up to
17.6% in the unit cost of the energy generated among the studied supply chains. In economic and
sustainable terms, our results suggest that logs should be stored in the field for three to four months
and the transport distance to the power plant should not exceed 100 km.

Keywords: forest operations; biomass power plant; storage time; operational cost; transport

1. Introduction

Renewable energy sources, ranked in order of importance by hydropower, solar and
wind power, bioenergy, and geothermal power, accounted for approximately 30% of global
electricity production in 2022 [1]. Despite significant solar and wind power increases over
the past decade, the demand for critical minerals essential to battery storage and electricity
networks, such as copper, nickel, cobalt, and others, is projected to rise two- to four-fold by
2030 [2]. In this context, biomass, derived from organic materials of agriculture residues
and forestry plantations, appears as a versatile feedstock for generating bioenergy and rep-
resents a crucial step toward sustainable and renewable energy solutions [3]. Consequently,
as society increasingly focuses on transitioning to cleaner energy alternatives, adopting
biomass as a renewable energy source becomes pivotal in fostering a greener and more
resilient energy landscape to reduce GHG emissions and mitigate global warming [4,5].
Furthermore, lignocellulosic biomass is crucial to the circular economy, as are new con-
version technologies for climate-neutral energy production and value-added products,
including biomaterials and biochemicals [6–10].

Due to their low soil quality requirements, non-competitiveness with food crops,
and higher biomass production per hectare than annual plantations, wood and residues
from forest plantations have become significant sources of lignocellulosic biomass. In
South America, for example, Eucalyptus plantations are widely used as the primary source
of supply for the forestry industry, including pulp and paper products, wood panels,
charcoal, and roundwood. These crops have been consolidated over the last decades due
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to short rotations (less than seven years) and high productivity (about 40 m3 per hectare
per year) [11–13].

The drastic changes in water and temperature regimes faced in the last decade [14],
combined with concerns about maintaining the productivity of eucalypt plantations [15–18]
and significant investments in the sector (wood demand), have considerably increased their
market price [19]. Even with this situation, the use of wood for bioenergy is increasing,
and private initiatives are making efforts to expand wood power plants, which already
account for more than 120 thermoelectric plants, corresponding to 25% (or 4.4 GW) of
the supervised capacity of thermal energy generation in Brazil [20]. Thus, wood is an
alternative mainly to replace the lower capacity of hydroelectric plants during drought
months, serving as an alternative fuel for fossil thermoelectric plants.

Biomass from eucalypt forest plantations has properties suitable for direct burning; in
particular, greater attention should be paid to moisture content as it has a direct effect on
wood density and calorific value. Wood residues have a higher calorific value ranging from
17 MJ kg−1 to 22.2 MJ kg−1, including leaf fractions, bark, and stumps [21]. However, fresh
biomass has its calorific value reduced by half or more immediately after harvesting due
to its moisture content [22]. The wood moisture content (MC) can vary depending on the
storage period and final use, with values of 53% and 30% common for freshly harvested and
air-dried wood, respectively. In tropical conditions, the drying period for Eucalyptus logs
can extend up to 180 days during the rainy season, directly affecting the energy content [23].
This affects the weight of the wood, which is related to the determination of its basic density
(ratio of dry mass to saturated volume) and apparent density (ratio of mass to volume at a
given MC). In addition, wood is often used as chips to minimize handling, storage, and
transport issues in power plants, enhancing energy conversion by reducing particle size
and homogenizing composition to generate electricity [24].

All of these wood characteristics have operational and economic implications; cheaper
fuelwood requires an optimized forest operations chain, including harvesting and forward-
ing, storage, chipping, and transporting biomass to the power plant [25]. Among these
operations, transporting raw materials is a significant biomass-use cost component [26–29].
Generally, road transport is suitable for short distances (less than 100 km), rail trans-
port is suitable for greater distances, and waterways are suitable for distances exceeding
800 km [30]. In Brazil, wood transportation is predominantly performed by logging trucks
on the available road system [31], whose viability is conditioned by the distance between
the forest and the thermoelectric plant. Another costly activity is the chipping process,
which, in some situations, significantly contributes to the cost of the forestry chain, this cost
can vary depending on the MC of the wood, whether it is damp wood (freshly cut) or dry
wood (after storage) [25], and also due to the models of forestry chippers [32].

Over the years, pursuing more efficient and cost-effective chains has led to their
optimization based on critical parameters, such as MC. After harvesting, fresh Eucalyptus
wood logs have high MC (>50% wet basis), affecting the entire logistical planning of the
supply chain, including the harvest season, woodchip demand, the number of trucks
needed for raw material transport, the field storage time, and the energy content, among
other factors [28,33]. Therefore, this study aims to investigate the effect of wood moisture
content on operating costs and the volume demand of wood to supply a thermoelectric
plant through different supply chains and their respective conditions, such as the storage
time and the distance from the forest to the thermoelectric plant (transport operation).
As a complementary objective, the price of energy generated from wood is compared to
hydroelectric power in the same year as the study.

2. Materials and Methods
2.1. Forestry Operations Chains

The forest energy supply chains used in this study are exemplified in Figure 1. They
reveal the main stages that comprise the transformation of wood into woodchips for energy
generation: Supply Chain I—chipping of fresh logs immediately after harvesting followed
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by woodchip transportation and storage at the biomass power plant; Supply Chain II—log
storage after harvesting operations followed by the transportation and chipping of logs;
and Supply Chain III—storage of logs after the harvesting operation followed by chipping
and woodchip transportation to the conversion biomass power plant.

Figure 1. Supply chains (I), (II), and (III) for the use of woodchips for energy generation. Source:
Forest Energy Portal [34], modified by the authors.

Simulations with various transport distances and storage periods were conducted to
identify the supply chain that ensures the minimum wood volume to meet the thermoelec-
tric plant’s monthly energy demand. The simulation considered raw materials from the
clonal eucalypt plantation described in Table 1.

Table 1. Clonal Eucalyptus forest characteristics and wood properties.

Characteristics Unity

Specie - Eucalyptus urophylla S.T. Blake
Clone - AEC 0144
Age years 7

Planting Density trees ha−1 1667
Average Height m 21.7
Average DBH cm 16.9

Mean Annual Increment m3 ha−1 year−1 42.4
Wood Basic Density kg m−3 460

Higher Heating Value (HHV) MJ kg−1 19.00

2.2. Demand for Solid Wood to Supply the Biomass Power Plant

To conduct the study, we simulated the supply of a biomass power plant located in
the central region of the State of São Paulo, Brazil, with an installed capacity of 20 MW and
a constant monthly energy demand throughout the year.

The monthly quantity of woodchips required to supply the thermoelectric plant was
calculated based on the amount of steam, the enthalpy of steam and water, the net heating
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value (NHV), and the boiler yield to determine the biomass needed for the thermal process
(Equation (1)). It is important to note that the NHV is the primary property studied to
understand the impact of wood MC on the volume demanded by the thermoelectric plant.
In operational terms, the usable or net heating value (NHV) is used; this represents the
energy effectively available per unit of fuel mass after deducting losses due to moisture
content [22]. Additionally, to produce 17.78 MWh, a flow of 80,000 kg of steam per hour
is required, and it was estimated that a total of 680 productive hours result in a monthly
demand of 13,600 MWh [35–40].

Qc = [Qv (hv − ha)]/[η (NHV)] (1)

where:

Qc—amount of fuel, kg
Qv—amount of steam, kg
hv—enthalpy of steam as a function of pressure and temperature, MJ kg−1

ha—enthalpy of water as a function of temperature, MJ kg−1

η—boiler yield, decimal
NHV—net heating value, MJ kg−1.

The NHV was calculated based on CEN/TS 14918:2005 [41]. Subsequently, mass-
to-volume conversions were performed based on experimental relationships in materials
similar to the one proposed in this work. The accuracy of the results relies solely on this
empirical relationship (Equations (2) and (3)) [42]. From the value of apparent density and
the amount of fuel consumed (Qc), the demand for the solid volume of wood (m3) and the
specific wood consumption (m3 MWh−1) of a thermoelectric plant of 20 MW were obtained
(Equations (4) and (5)).

da = wd [0.01 (100 U/100 − U) + 1] [1 − 0.28wd/(1 + 0.028wd)] 1000 (2)

where:

da—apparent wood density at a specific moisture content, kg m−3

wd—wood density at 0% moisture content, g cm−3

U—moisture content (wet basis), %

wd = bd/(1 + 0.28bd) (3)

where:

wd—wood density at 0% moisture content, g cm−3

bd—basic density, g cm−3

v = Qc/da (4)

where:

v—solid wood volume demanded by the power plant, m3

Qc—amount of fuel, kg
da—apparent wood density at a specific moisture content, kg m−3

C = v/HP (5)

where:

C—specific wood consumption, m3 MWh−1

v—solid wood volume demanded by the power plant, m3

H—productive hours in a certain period of time, hours
P—thermoelectric power, MW
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2.3. Estimated Forest Operation Costs

Yields documented in the literature and data from established Brazilian companies
in the sector were utilized to ascertain the operational costs of forestry operations in a
commercial Eucalyptus plantation. The operational cost of biomass delivered to the thermo-
electric plant was determined based on the solid volume of wood (USD m−3) to establish
a standard unit in forestry operations. Each forestry operation (harvesting, transporting,
chipping, and storage) cost was determined by the sum of fixed costs (depreciation, interest,
administration costs, and insurance) and variable costs (labor, fuel, lubrication, repairs, and
maintenance) following the ASAE D472-3 [43] proposal.

For the silviculture and harvesting operation, the total cost was USD 11.48 m−3—a value
consistent with that practiced by forestry companies in South America. The harvesting
system comprised a feller-buncher, skidder, and grapple saws (bucking logs with a length
of up to 6 m) [44]. The silviculture system encompassed a conventional approach used in
Brazil, with clonal eucalypt plantations grown using the coppice method.

A cargo vehicle composition (CVC) with a capacity of 100 m3 was considered for wood
transport operations. However, it is worth noting that the Brazilian Traffic Law stipulates
rules based on the total shared gross weight (PBTC) as a limitation (tractor plus trailer
plus load weight). For woodchips, a tractor–truck plus a self-unloading trailer (walking
floor) system with six axles (PBTC max of 48.5 tons) was considered. A tractor–truck plus a
double logging trailer with seven axles (bi-train) and a PBTC max of 57 tons was considered
for log transportation. The estimated tare was 21.5 tonnes in the woodchip transport system
and 22.0 tonnes in the log wood transport system, resulting in a net load of 27 and 35 tonnes,
respectively. These CVCs are relatively efficient due to their unrestricted traffic certification
on the entire national road network [45].

Transport costs can vary significantly with the MC of the material to be transported, as
the load can reach its weight limit before occupying the entire trailer space [46]. Thus, the
number of trips required to supply the thermoelectric plant was estimated considering the
monthly demand for raw materials and the load composition limits (by volume or weight).

Various transport distances from the forest to the power plant were simulated: 0, 50,
100, 150, 200, 250, and 300 km. Commercial prices obtained through a survey of freight
costs in the regional market in February 2019, as indicated in Table 2, were used for the
transport costs.

Table 2. Transport cost (USD km−1) for different distances in Sao Paulo State, Brazil.

Distance (km) Wood LOG Transport Cost WoodCHIP Transport Cost

1–50 3.22 2.79
51–100 2.53 2.46
101–150 2.30 2.19
151–200 2.18 1.97
201–250 2.07 1.76
251–300 2.03 1.59

The cost of the transport operations was calculated according to Equation (6).

CT = (Ck × d × n)/V (6)

where:

CT—transport cost, USD m−3

Ck—cost per distance travelled, USD km−1

d—distance travelled, km
n—number of trips per month
V—monthly wood demand, m3.
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The storage cost was calculated as the opportunity cost of the land (Equation (7)),
considering the area used for storing wood, the price of land for use in silviculture in the
State of São Paulo—USD 5468.96 ha−1 practiced in January 2019 [47]—the storage time,
and an interest rate of 0.5% per month (reference rate of the Special Settlement and Custody
System—Selic) practiced in February 2019.

CO = (Vi × r × A)/V (7)

where:

CO—opportunity cost of the land, USD m−3

Vi—initial value of the land, USD ha−1

r—interest rate, % month−1

A—total area used for storing wood, ha.
V—monthly solid wood demand, m3.

For the total area (Equation (8)) used for wood storage, a maximum height of 3.0 m
was considered for log piles and 6.0 m was considered for woodchip piles. A correction
factor (=3.0) was applied to account for the spaces between the piles in the yard or field,
including maneuvering areas for loading and handling. The stacking factor (Fe), which
converts the solid volume into a stacked volume, was also factored into the calculation.
Additionally, a safety stock of two months was assumed to guarantee a wood stock in case
of a shortage in wood supply.

A = {[(V × Fe/h) × 3]/10,000} × e (8)

where:

A—total area used for wood storage, ha
V—monthly solid wood volume demanded by the power plant, m3

Fe—stacking factor for logs (Fet) or woodchips (Fec)
h—pile height, m
e—storage time, month

In addition, chipping operation costs were calculated based on the MC of the raw
materials (Table 3) as detailed by Acuna et al. [25]. Drier wood increases the frequency
with which chipper knives have to be changed, as well as requiring more resistance to be
converted into woodchips, which leads to higher fuel consumption costs and higher prices.

Table 3. Chipping cost per m3 of wood during storage for a range of MCs.

Moisture Content—MC (Wet Basis) Operational Cost USD m−3)

≤35% 3.53
36%–50% 2.27
≥50% 1.86

Table 4 presents other parameters and factors used in the different calculations performed.
Finally, the monthly operational cost of the wood delivered to the thermoelectric plant

was determined by considering the amount of biomass needed to meet the unit’s energy
demand. With this quantity, estimating the cost per MWh using Equation (9) was possible.

CEn = {(V × (CCo + CT + CCa + [(CO × A)/V]}/(P × hm) (9)

where:

CEn—operational cost of electric power generation, USD MWh−1

V—monthly solid wood volume to attend the power plant unit, m3

CCo—harvesting operation cost, USD m−3

CT—wood transport operation cost, USD m−3
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CCa—chipping operation cost, USD m−3

CO—opportunity cost of the land, USD ha−1

A—total area used for storing wood, ha
P—thermoelectric power, MW
hm—monthly productive hours, hours

Table 4. Conversion parameters and factors used.

Conversion Parameters and Factors Abbreviation/Symbol Value

Thermoelectric Plant Related Data
Thermoelectric power P 20 MW

Amount of steam Qv 80,000 kg h−1

Enthalpy of steam * hv 3394 MJ kg−1

Enthalpy of water * ha 0.439 MJ kg−1

Boiler yield η 89%
Wood Pile-Related Data

Logs stacking factor Fet 1.79
Woodchip stacking factor Fec 2.43

* These values can vary depending on the working pressure and temperature of the boiler.

2.4. Wood Moisture Content during Storage

Daily drying rates during the spring–summer period for the wood stored in logs
and woodchips were previously monitored in other studies, which thoroughly describe
the methodological details of continuous MC monitoring and are presented in Table 5.
The drying of wood is characterized by two outflows of water (capillary and diffusion
movement), which occur simultaneously during the process. As discussed in the litera-
ture [48,49], initially, moisture is reduced predominantly by capillary movement (free or
capillary water) up to the fiber saturation point (FSP) and, subsequently, hygroscopic or
impregnation water (adsorbed to the cell walls) is released by diffusion movement. Thus,
the moisture loss in chip piles is lower than in logs in tropical conditions, since there is a
lack of ventilation inside the piles to maintain capillary movement for longer, which also
favors a greater MC gradient from the interior to the edge of the pile.

Table 5. MC variation (arithmetic mean and standard deviation) during the storage of logs and
woodchip piles in southeast Brazil.

Storage Time (Months) Logs Pile Woodchip Pile

0 52.4 ± 0.9 52.4 ± 5.0
1 48.9 ± 1.1 51.5 ± 3.2
2 45.4 ± 1.3 50.7 ± 3.2
3 42.0 ± 1.3 49.8 ± 7.9
4 38.5 ± 1.4 49.0 ± 3.2
5 35.0 ± 1.6 48.1 ± 3.2
6 31.5 ± 1.4 47.2 ± 3.1

MC wet basis, %. Source: Adapted from Eufrade et al. [48] and Eufrade et al. [49].

2.5. Data Analysis

Statistical analysis was performed using R free software version 4.3.1 (R Foundation
for Statistical Computing, Vienna, Austria). The Shapiro–Wilk and Bartlett tests were
used to evaluate the data distribution and the homogeneity of variances, respectively.
Analysis of variance (ANOVA) complemented by Tukey’s test was used to evaluate the
effects of supply chains (SCs) and storage time (ST) on the volume of wood demand and
consumption per energy to supply a thermoelectric plant. The results were analyzed with
p < 0.05 representing statistical significance.

As the costs were estimated based on the variation in wood MC, it was assumed
that the same pattern of statistical behavior between the variation factors reported for
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wood volume demand would apply, so a thorough analysis of the values generated in the
simulations is presented including the transport distances from the forest to the power plant.

3. Results
3.1. Wood Volume Demand

The supply chains and storage time had a significative double interaction in the
volume demand of wood to supply a 20 MW thermoelectric plant, as shown by p-values of
the ANOVA (Table 6).

Table 6. The p-values of the analysis of variance (ANOVA) for the volume demand of wood to supply
a thermoelectric plant through different supply chains and storage times.

Factors Volume Wood Demand m3 Wood Consumption per Energy m3 MWh−1

F p-Value F p-Value

Supply chain (SC) 288.77 0.00 * 282.97 0.00 *
Storage time (ST) 177.00 0.00 * 1026.75 0.00 *

SC × ST 13.14 0.00 * 73.71 0.00 *
p < 0.05 (*) significant according to test F.

Table 7 shows the volume of solid wood required to fuel a 20 MW thermoelectric plant,
generating 13,600 MWh of electrical energy per month. The calculation takes into account
the arithmetic daily drying process during the spring–summer season shown in Table 5.

Table 7. Arithmetic means of the monthly wood demand to supply a thermoelectric plant through
different supply chains and storage times.

Storage Time (Months) Supply Chain

I II III

Volume wood demand (103 × m3)
0 33.58 33.58 33.58
1 33.37 32.78 32.78
2 33.17 32.12 32.12
3 32.98 31.57 31.57
4 32.79 31.09 31.09
5 32.62 30.67 30.67
6 32.45 30.30 30.30
Arithmetic mean 32.99 a 31.73 b 31.73 b

Wood consumption per energy (m3 MWh−1)
0 2.47 2.47 2.47
1 2.45 2.41 2.41
2 2.44 2.36 2.36
3 2.42 2.32 2.32
4 2.41 2.29 2.29
5 2.40 2.25 2.25
6 2.39 2.23 2.23
Arithmetic mean 2.43 a 2.33 b 2.33 b

Note: Mean values marked by different letters were shown to be significantly different according to Tukey’s test
(p < 0.05). Lowercase letters represent differences between values in the same line (supply chain effect).

As supply chains II and III incorporate wood (log) storage, the MC exhibited consistent
variation. Consequently, the demand for biomass remains unchanged. The monthly
volumetric demand for wood, in the form of woodchips stored for up to six months,
decreased by 3.3%. Similarly, the demand for wood stored in log form decreased by 9.8%
over the same period. This reduction is attributed to the higher daily drying that occurs
from log storage [23], requiring a smaller amount of wood per unit of generated energy
(m3 MWh−1).
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In fact, the use of drier wood increases efficiency in energy generation; this behavior
can be verified when considering the variation in the net heating value (NHV) during
storage. The greater the loss of MC (log wood storage), the greater the increase in the NHV
(Figure 2).

Figure 2. Net heating value (NHV) versus storage time for logs and woodchips.

3.2. Forest Operational Costs

For an initial analysis, the operating cost of wood delivered to the thermal power
plant was estimated considering a fixed distance of 100 km. The unit volume cost by
supply chains and storage time to meet the monthly demand of the 20 MW power plant
considering distances up to 100 km between the forest and the thermoelectric plant are
presented in Table 8.

Table 8. Arithmetic means of the monthly wood demand to supply a thermoelectric plant through
different supply chains and storage times considering a fixed distance of 100 km.

Storage Time (Months) Supply Chain

I II III

Costs per wood volume (USD m−3)
0 20.33 18.92 20.36
1 20.21 18.96 20.30
2 20.09 18.63 19.89
3 20.42 18.42 19.88
4 20.34 18.47 19.93
5 20.27 19.78 21.23
6 20.20 19.83 21.28

Arithmetic mean 20.27 a 19.00 b 20.41 a

Costs per month (mi USD)
0 0.68 0.64 0.68
1 0.67 0.62 0.67
2 0.67 0.60 0.64
3 0.67 0.58 0.63
4 0.67 0.57 0.62
5 0.66 0.61 0.65
6 0.66 0.60 0.64

Arithmetic mean 0.67 a 0.60 b 0.65 a

Costs per energy (USD MWh−1)
0 35.18 31.72 35.26
1 34.66 31.05 34.27
2 34.16 29.65 32.60
3 34.76 28.66 32.03
4 48.81 42.02 45.33
5 34.02 30.88 34.16
6 33.68 30.62 33.85

Arithmetic mean 36.47 a 32.09 b 35.36 a

Note: Mean values marked by different letters in the same line were shown to be significantly different according
to Tukey’s test (p < 0.05).
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One meaningful relationship is observed between the decrease in wood demand and
the increase in operational unit cost, reflected in the monthly total cost of the delivered
wood. This interaction suggests an optimal in-field wood storage period between 3 to
4 months.

In the case of Supply Chain I, there was a 1.5% reduction in the total delivered wood
cost up to the third month of storage. By the sixth month, this reduction increased to 2.9%.
The MC of the woodchips continued to decrease until the sixth month of storage, and as a
result, the total delivered wood cost also decreased.

Supply chains II and III had an optimal storage time that ranged between three
and four months, coinciding with the period of the lowest operation cost for delivered
wood. During this same period, both supply chains exhibited significant cost reductions,
with supply chains II and III showing reductions of 10.9% and 8.8%, respectively, after
four months of wood storage.

The lowest cost of electricity was observed in Supply Chain II after four months of
storage, followed by Supply Chain III and, finally, Supply Chain I. When comparing the unit
cost of production per MWh between the supply chains, 7.2% and 13.9% reductions in cost
were found between supply chains I and III and between supply chains I and II, respectively.

The operational cost per m3 of wood is associated mainly with silviculture, harvesting
and forest transport activities. Figure 3 shows the cost breakdown by operational activity:
storage, chipping, transport, and silviculture and harvesting operations for different dis-
tances between the forest and the thermoelectric plant, considering a fixed storage time of
three months.

Figure 3. Operational cost (%) by operational activity considering different wood transport distances:
(a) 50 km; (b) 100 km; (c) 150 km; (d) 200 km; (e) 250 km; (f) 300 km, and 90 days of storage.
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Overall, up to a distance of 50 km, there is a greater influence on the cost of the
silviculture and harvesting operations. The greater the distance between the origin of
the forest and the power plant, the greater the cost and the proportional significance
of transport. Transport reaches a maximum level of 47.8% of the total cost of biomass
delivery in Supply Chain I, which is 300 km away from the forest plantation. Even in
the ideal storage period, the cost of electricity increases considerably with the distance of
transportation, as illustrated in Figure 4.

Figure 4. Monthly operational cost per MWh of delivered wood by supply chain and storage time.

Although the costs obtained may increase with the transport distance and MC, the
use of wood to generate electricity is conditioned by the price of energy sold on the
Brazilian market. As an indication, Table 6 shows historical data on the settlement price of
differences (SPD) for energy sold on the Brazilian free market in 2018, the same year as this
research study (Table 9). The SPD calculation considers the differences between the energy
contracted and the amounts actually generated or consumed [50].

Table 9. Monthly average of the settlement price of differences (SPD) in USD MWh−1 and precipita-
tion (mm) for the Brazilian southeast submarket in 2018.

Month SPD (USD MWh−1) Mean Precipitation (mm)

Jan 49.24 256.8
Feb 51.62 104.2
Mar 59.95 229.6
Apr 30.00 27.6
May 89.00 11.6
Jun 129.31 14.8
Jul 138.14 23.2

Aug 138.14 48.6
Sep 129.27 72.8
Oct 74.33 120.4
Nov 33.89 105.8
Dec 21.59 192.0

Source: [48].

4. Discussion
4.1. Wood Volume Demand

The MC of the wood is the factor with the greatest impact on the volume of wood
demanded by the thermoelectric plant. Supply Chain I, which stores wood as woodchip
piles, presents lower daily drying rates (0.029% day−1). This necessitates a longer storage
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time for biomass to reach lower and more desirable MC levels, making it the period of
greatest demand for wood storage areas. Furthermore, temperature plays a crucial role
in the storage of fresh forest biomass, in which elevated temperatures correspond to the
accelerated biological degradation rate of wood chips, making them more susceptible to
rapid decay [51]. This has important implications for the operation of the power plant
since a bigger volume of raw material is required to sustain its operation. On the contrary,
in-forest drying of logs (0.116% day−1) in supply chains II and III allows for greater MC
losses due to storage, substantially reducing the volume of wood required by the power
plant for its operation in the same storage period (Table 7). This demand for wood tends to
stabilize as the biomass is stored in the field and reaches MC stabilization [23].

In terms of electricity generation, the specific consumption of wood chips estimated
in this study (2.23 to 2.47 m3 MWh−1) was compatible with the performance of a wood
chip-powered cogeneration plant in a fluidized bed steam boiler in other studies [52,53].
The lowest consumption occurred when using wood with a lower moisture content (after
six months of storage), since the energy effectively available per unit mass of fuel less losses
from water losses in the wood, or the NHV, increased considerably [22,54].

The results suggest that using wood with lower MC or a longer storage time directly
reflects on the forest area to be harvested to supply the power plant. In addition, it affects
the area to be planted for the next rotation, highlighting the importance of wood quality
and its effects on the entire forest value chain [25,33,55]. These implications are important
aspects to be considered by forest planners and decision-makers when comparing different
supply chains and moisture control strategies. Thus, more studies could use biomass
properties as target parameters in supply chain optimization.

4.2. Forest Operational Costs

The cost per m3 was consistently lower in Supply Chain II, regardless of the storage
time considered. This indicates that log transport is more cost-effective than chipwood
transport when considering a transport system with the same cargo capacity (100 m3) due
to the lower stacking factor.

After four months of storage, there was a reduction in MC in supply chains II and III.
This resulted in higher chipping operational costs, revealing the importance of conducting
the chipping operation before the wood loses too much MC. In addition, the study confirms
that the cost of the chipping operation can be reduced if the activity is carried out in
the plant yard using stationary chippers rather than chipping in the forest using mobile
chippers [56].

Considering the regional market dynamics, MC levels, and chipping operations,
Supply Chain II—with storage and transportation of wood as logs—emerged as the most
economical chain to supply wood-based industries. The results show that supplying the
thermoelectric plant is more expensive in Supply Chain I, which is explained by the higher
demand for biomass due to its high MC regardless of the storage time in the field. Some
studies have suggested that one way to reduce this cost is to store and protect the wood
chips using some form of cover [48].

The cost of the transport operations surpasses harvesting operations, especially over
long distances of wood transportation. Long transport distances are not the norm in the
region; therefore, this is one of the crucial factors to consider when identifying a viable
location for installing the plant. The combined operation of transport and harvesting
represents more than 80% of the operational cost for delivering raw materials. In Brazil,
wood transportation alone can account for up to 60% of logistical costs for distances
exceeding 150 km [26].

On the other hand, the stocking operation had the lowest operating cost among the
evaluated chains, close to 0.9%. This behavior aligns with findings by Acuna et al. [25],
who reported similar values for wood storage for up to two years in Finland.

The relation between the decreasing demand for wood and the increasing operational
unit suggests 3–4 months as the optimal in-field storing time for logs (Supply Chain II).
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The values obtained in this study indicate that longer transport distances from the forest
to the power plant require longer storage periods to control transport costs, confirmed
by previous studies [28]. Furthermore, storage directly influences the reduction in trips
required for factory supply, particularly in Brazil, where legal weight limits exist. The drier
the wood, the lower its weight, leading to a greater tendency to increase the volume loaded
per trip. This is consistent with previous studies; for example, Zanuncio et al. [55] reported
a 27.8% reduction in the number of trips needed to supply a pulp and paper factory after
90 days of Eucalyptus urophylla wood drying in logs.

Considering the historical data of SPD for energy sold on the free market (Table 9),
with the year 2018 serving as an example of the trend in Brazil and taking into account the
operational costs presented in this study, the forest operation chains proved to be feasible
for delivering biomass during the dry season, spanning from May to September. This
trend reinforces the potential of biomass as a complementary renewable energy source to
hydroelectric power plants and an important strategy to avert energy crises in developing
tropical countries.

During the rainy season (October to March), the use of biomass can become impractical,
even over short distances. Implementing public policies becomes essential to secure
investments in this energy source during such periods. Silva et al. [31], in their study on
the costs of different wood transport vehicles, reported a maximum distance radius of
100 km for reforestation wood. Another European study revealed that transporting wood
in logs remains viable up to a distance of 170 km, with viability decreasing as MC increases
and with the adoption of wood formats with lower apparent density (such as chips and
residues) [57].

This study has demonstrated that the energy price of biomass can be highly favorable
in South America despite the consistent variability in the climate and irregular patterns in
monthly precipitation. This becomes particularly critical during periods of low precipitation
that lead to reductions in power generation by hydroelectric plants.

5. Conclusions

The forest operations which comprised in-field storage, transporting wood as logs,
and chipping at the power plant’s yard, resulted in the least expensive supply chain. The
results of the study suggest that for the more efficient and sustainable use of wood for
energy generation throughout the year in Southeast Brazil, logs must be stored in the forest
for 3 to 4 months. Under the conditions of this study, drying logs in the forest for up to six
months, with the consequent reduction in MC, resulted in a 9.8% reduction in the amount
of wood required to satisfy the power plant’s demand for wood.

New studies should be designed to optimize the logistics of operations, taking into
account other biomass characteristics, such as the wood density, stacking factor, and calorific
value of different species. We believe that pursuing more cost-effective forestry supply
chains will further encourage and foster the use of wood for power generation, thereby
contributing to a cleaner and more renewable energy matrix in South America.
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