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Abstract: Upscaling an operation typically results in economies of scale, i.e., cost advantages in
business, especially when the production unit’s utilization rate can be improved. According to
economic studies of mechanized timber harvesting, large wood harvesting entrepreneurs tend to be
more successful in business than small entrepreneurs. What are the factors that influence harvesting
costs, and how great is their effect on costs? These questions were investigated in mechanized
cut-to-length timber harvesting in Eastern Finland by varying (a) the size of the harvesting fleet,
(b) the harvesting site reserve, and (c) the timing and duration of the working day of machine
relocations, in the case of an entrepreneur using a discrete-event simulation method. Prior to the
simulations, harvesting site data were generated from the National Forest Inventory data by the
MELA software, and the spatial data analyses by ArcGIS. According to the results, largely because of
the low utilization rate of the contractor’s own relocation truck, the harvesting cost of a 2-harvesting-
unit (2 HU) scenario was 9% or 6% higher than 4 HU, and 13% or 8% higher than 8 HU, with or
without a specifically employed driver of a relocation truck, respectively (the harvesting unit consists
of a harvester and a forwarder). In the 4 and 8 HU scenarios, harvesting costs decreased on average
by 1% (0.3–1.5), when doubling the size of the harvesting site reserve. With fleet sizes of 6 and 8 HU,
good utilization of a relocation truck reduced relocation costs, whereas machine costs only increased
a small amount because of a longer machine relocation waiting time than with smaller entrepreneurs.
The study raised the importance of entrepreneur-specific planning of machine relocations in the
cost-efficient timber harvesting in Finland.

Keywords: CTL harvesting; harvesting fleet; discrete event simulation; machine relocation;
harvesting cost; operation logistics; system analysis; economies of scale

1. Introduction

In Finland, roundwood harvesting is fully mechanized (99.98% of annual cuttings) [1],
and harvesting is carried out by cut-to-length (CTL) forest machines, i.e., by a harvester and
a forwarder. In 2015–2020, the annual domestic harvesting of roundwood (industrial wood
and energy wood) was 65.2–78.2 million m3 [2]. In recent years in Finland, a total of nearly
2000 harvesters have actively operated, with a roughly equal number of forwarders [1,3].
The machines are owned by private wood-harvesting entrepreneurs, who are responsible
for the forest industry’s domestic wood supply. The median fleet size of a forest machine
entrepreneur in Finland is 2–3 forest machines (harvesters and/or forwarders), and most
of the small entrepreneurs are subcontractors of larger wood-harvesting companies [4].
The shift to larger wood-harvesting entrepreneurs and the increased networking of smaller
entrepreneurs with increased responsibilities and a versatile service provision have been
seen as the most distinctive changes in the Finnish wood-harvesting business [5].
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In Finland, the majority of wood harvesting entrepreneurs own a relocation truck,
typically a 4-axle or 5-axle load-carrying truck with a low bed for the relocation of the
entrepreneur’s own machines. Alternative vehicles for machine relocations are low-bed
trailers with a farm tractor or a truck as a prime mover. Relocation costs, the timing structure
of work elements, operating scale, and/or relocation practices in machine relocations have
been studied in Finland, e.g., by Kuitto et al. [6], Väätäinen et al. [7], Kärhä et al. [8],
Friman [9], and Kauppinen [10]. According to the results, the typical relocation distance
between harvesting sites is 25–30 km, the duration of the relocation cycle for the truck is
2–2.5 h, and the annual amount of driving in hours and kilometers for the relocation truck
is 350–600 and 15,000–30,000 respectively. In a follow-up study of harwarders (a harvesting
machine that cuts and processes trees and forwards them to the landing) by Kärhä et al. [11],
the share of machine relocation was 2.5% of the total working time of the harwarder. The
respective shares were 1.4–1.5% for harvesters and 0.9–1.1% for forwarders of the total
machine computer time in a Swedish follow-up study by Eriksson and Lindroos [12].
According to studies by Friman [9], Kauppinen [10], and Jylhä et al. [4], the majority of
machine relocations by truck were carried out by the entrepreneurs themselves, and the
remaining relocations were undertaken either by forest machine operators, retired relatives,
or the entrepreneur’s other employed personnel. According to Jylhä et al. [4], personnel
were specifically recruited to work with machine relocations, maintenance, and other
supporting tasks in some companies with a large turnover (more than EUR 2 million/year).

Despite the low annual usage of relocation trucks and the consequent relatively high
capital/fixed costs per harvested m3, even small entrepreneurs with 2 to 3 harvester-
forwarder units tend to own a truck for the relocations instead of outsourcing them to
relocation services. Entrepreneurs argue that this is mainly due to the need to control one’s
own relocations, maximizing the efficient operating time for harvesting, and ensuring
flexibility in operations and planning [7,9,10]. In terms of efficient relocations, larger
entities or clusters of harvesting sites near each other while operating, larger site reserves,
optimized relocation truck routing, and sharing the free capacity of relocation trucks have
been noted as means of decreasing the relocation costs and increasing machine utilization
(MU%) of harvesting machines, e.g., [7,9,12].

The profitability of the wood-harvesting business has remained low in Sweden and
Finland [4,5,13–17]. Large wood-harvesting entrepreneurs tend to be more successful
than small entrepreneurs [4,5,15,17]. For example, the existence of a business agreement
and negotiation skills in tendering, networking with other enterprises, management and
leadership skills, the versatility of services provided, the rate of skilled and productive
operators, the use of incentive payment systems, and efficient operations and their scale
(e.g., production capacity, MU%, operations efficiency) have been assessed to have an
impact on profitability [4,12,14,15].

Productivity and cost assessment-based system analyses of mechanized CTL harvest-
ing operations for industrial roundwood have been conducted by both static/deterministic
methods, e.g., [11,18,19] and dynamic analysis methods using discrete-event simulation
(DES) e.g., [12,20–25]. Machine relocations in roundwood harvesting have been included in
system analysis modeling in studies of, e.g., [12,23,25,26]. In the Nordic countries, extensive
productivity studies for CTL harvesters and forwarders in the current millennium have
been conducted by Nurminen et al. [27] and Eriksson and Lindroos [28], and separately for
harvesters by Liski et al. [29]. Follow-up studies of machine relocations using a low-bed
truck have been reported by Kärhä et al. [8] and Kauppinen [10].

The machines’ operating interdependencies and the unique impact of worksite prop-
erties on machine performances in mechanized harvesting pose a challenge to conducting
a reliable and realistic system analysis using deterministic/static methods, thus favoring
the use of simulation methods such as DES (e.g., [23,26,30]). Due to the temporal depen-
dencies of a harvester on the forwarder’s performance, and a forwarder on the harvester’s
performance, related to machines’ productivities, delays, and the timing of work shifts,
machines may have an operational imbalance on a daily basis. Moreover, harvesting
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machines in the harvesting fleet depend on the relocation truck and its availability for the
efficient flow of operations. When seasonal fluctuations of the trafficability of harvesting
sites and gravel roads are added to the equation, the complexity of modeling mechanized
harvesting systems increases. This may partly explain the relative lack of studies of the
impact of operating models and business patterns, by analyzing, e.g., fleet size, fleet struc-
ture, available site reserve, the structure of site characteristics, harvesting regimes, and/or
machine relocation models, on the operating performance and costs of wood harvesting
entrepreneurs (e.g., [11,12,23]).

To assess the impact of alternative operating models and the scale of operations on
the performance and costs of harvesting, simulations for annual harvesting scenarios were
conducted using DES in typical harvesting conditions in Eastern Finland. The objectives
of this study were to assess the impact of (i) the size of the harvesting fleet, (ii) the size of
the site reserve, and (iii) the operating model of the harvesting entrepreneur’s relocation
truck on the performance parameters of machine operations, machine relocations, and
harvesting costs. The harvesting entrepreneur’s fleet size varied from 2 to 8 HUs, and all
machine relocations were carried out by one relocation truck owned by the operator.

2. Materials and Methods
2.1. Discrete-Event Simulation Method

Mechanized CTL harvesting is a complex dynamic system involving several features,
such as time and causal dependencies, uncertainty, stochasticity, highly varying working
conditions, and non-linear behavior, which support the use of DES modeling, e.g., [20,26].
A harvester and a forwarder as a single operational unit face idling and imbalance in daily
operations due to the variation in machine productivity and timber demand, worksite
accessibility, and the timing and duration of machine breakdowns and machine relocations.
An example of a method for smoothing the impact of a system imbalance on a daily basis
is the use of adaptive work shifts for the harvester and forwarder. Moreover, selecting a
feasible and time-saving method to conduct machine relocation for each harvesting situa-
tion decreases unnecessary machine idling. Instead of using deterministic system analysis,
DES modeling was chosen for building and solving the system. The DES method, using
simulation modeling software, Witness Horizon 21 [31], integrated with Excel spreadsheet
control and the definition of initialized actions and scenario parameters, was used for this
study (Figure 1).

Figure 1. A screenshot of the visualized simulation model for operations of the wood harvesting entrepreneur modeled with
Witness simulation software. The left panel of the figure illustrates the operating area with the harvesting sites at the site
reserve, location of each numbered HU, and the movement of the relocation truck. The center panel presents the run-time
specific work time distributions of machinery, and the right panel shows histograms of the harvesting data of interest.
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2.2. Operating Environment

The Ilomantsi region in Eastern Finland was selected for the case harvesting area from
where the harvesting site data were obtained. The sample plot data from the National
Forest inventory (NFI) measured in 2013–2017 [32] and the MELA software [33] were used
to generate the harvesting site data, with harvesting compartments covering the regions of
the municipalities of Ilomantsi and Lieksa. The MELA software is a forest decision support
system developed for Finnish conditions for use in, e.g., large-scale management planning
analyses and the estimation of felling possibilities [34]. The generated harvesting site data
were based on the scenario of maximum economic removal (NT), with a 5% discount rate
estimated for a 50-year period divided by five ten-year calculation periods (see [35]). The
harvesting of energy wood was not included in the analysis, and to reflect the present
situation of the shares of cutting regimes of timber harvesting, only the first ten-year period
(2015–2024) was used to gather the required cutting treatments. After analysis, all inventory
plot stands resulting in cutting treatment within the first ten-year period in the scenario
were determined for the harvesting data, with one inventory plot stand representing one
cutting compartment.

After MELA analysis and the selection of cutting compartments from the Ilomantsi
and Lieksa regions, a spatial relocation for the compartments was generated randomly for
the Ilomantsi region in forest land area. This procedure ensured a sufficiently high number
of compartments for simulations of one year with the largest harvesting fleet scenario.
As open-source spatial data, static trafficability classification was utilized to determine
the harvesting season for each compartment [36]. Harvesting trafficability classes are
based on seasonal changes in the bearing capacity of the forest floor in Finland [37]. The
map provides an estimation of the season when harvesting operations may take place
with standard harvesting machinery (i.e., a harvester and a forwarder) without causing
substantial damage to the forest soil. The size of the data resolution was 16 × 16 m pixels,
each classified as follows:

1. Operations possible in all seasons;
2. Operations possible in summer, mineral soils;
3. Operations possible in a dry summer, mineral soils;
4. Operations possible in summer, peatlands;
5. Operations possible only in a dry summer, peatlands;
6. Operations possible only during frost or with a thick layer of snow;
7. Open water;
8. No data (missing airborne laser scanning (ALS) data).

The first six classes were rescaled to three classes of harvesting season, covering:

1. Thaw season sites (1. operations possible in all seasons);
2. Summer season sites (2. and 4. Operations possible in summer in mineral soils and

peatlands); and
3. Winter or dry summer season sites (3., 5., and 6. Operations possible in a dry summer

on both mineral soils and peatlands, and operations possible only during frost or
with a thick layer of snow).

Having randomly generated the relocation of the harvesting compartments’ center
points, the harvesting season for each compartment was determined by the dominant
classes counted within a 50 m radius drawn from the center point by ArcGIS. To generate
harvesting sites with a varying number of cutting compartments (i.e., a harvesting site
with 1 to 5 compartments with unique harvesting characteristics), a 1 km radius was used
to cluster compartments by a certain harvesting season. Each of these clusters represented
one harvesting site.

For each harvesting compartment, forwarding distance was estimated by analyzing
the closest road connections with ArcGIS software and the national road and street database
Digiroad [38]. The site-specific mean forwarding distance was derived by multiplying the
Euclidean distance “from site to landing” by a winding factor of 1.4, which was estimated
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by taking the local terrain conditions and strip road network delineation into account
as a fixed factor for all sites. The “from site to landing” distance referred to the shortest
distance from the center of each harvesting compartment to the closest road segment. To
obtain a representative harvesting removal distribution for the sites, a large forest machine
entrepreneur operating in North Karelia and the volume removal data of harvesting sites
and compartments over two years (2004 and 2007) were selected as a reference distribution
for site and compartment volumes. The removals were then randomly distributed to the
generated compartments by following the case entrepreneur’s timber removal distribution.

According to descriptive statistics of the case entrepreneur’s historical data from
harvesting sites, most of the sites (95%) consisted of between one and five cutting compart-
ments with unique harvesting parameters, corresponding well to the range of the number
of compartments (1–5) in the harvesting site data of simulations. The compartment data
included the following characteristics: cutting removal (m3/compartment and m3/ha);
cutting regime (intermediate cutting (thinning and seed tree removal) or final felling);
cutting area (ha); average stem size (m3); removal (trees/ha); the proportion of broadleaved
trees (%); coordinates (N-coord, E-coord); and assortment-wise volumes (m3).

2.3. Modeling Machine Operations and Interactions

The harvester and forwarder formed one operational harvesting unit (HU) for these
operations, i.e., cutting and forwarding timber at the harvesting site. The harvesting
machines modeled were “all-purpose” machines, enabling operation on all sites with the
assumption that each machine had soft terrain gear to mount when required. As a base
setting, the harvester and forwarder operated for six days per week in 8 h work shifts.
However, due to the imbalance in machine performance between harvester and forwarder,
the site- and machine-specific productivity differences were compensated for by adaptive
work shift arrangements. If the cut timber volume lying at the site at a certain time (i.e., the
cut volume yet to be extracted from the site to landing) reached a threshold value of 150 m3

(i.e., the site buffer limit) due to the higher daily productivity of the harvester compared to
the forwarder, a work shift extension occurred for the forwarder. Typically, this occurred
on final felling sites and sites with larger removable stems. The work shift extension was a
maximum of 4 h. However, if logs were extracted from the site to the landing before the
set extension time, the work shift ended immediately (i.e., before the adjusted/extended
working period). Alternatively, while the productivity of the harvester was 20% lower
than that of the forwarder, the cut timber lying at the site was less than 50 m3, and there
was more than 50 m3 timber to be cut at the site, a shift extension of 4 h was activated for
the harvester at the end of the base shift. The harvester’s base shift started at 6 a.m., the
forwarder’s at 7 a.m. The threshold values and shift adjustment options for the harvester
and forwarder are presented in more detail in Table 1.

Table 1. Work shift arrangements of harvesters and forwarders for the working week.

Base Shift, Hours Shift Extension, Max. Hours

Mon 8 4
Tue 8 4
Wed 8 4
Fri 8 4

Thu 8 4
Sat 8 4
Sun 0 0

In this study, the work shift time of forest machine work equated to workplace time
(WP) excluding time for travelling to/from workplace (i.e., work trip time), see, e.g., [39].
The workplace time was divided into a delay-free machine time (i.e., productive machine
time; PMH or E0) and a delay time. Furthermore, the delay time was divided into a setup
time (only for the harvester work), a relocation time (machine relocation either with the
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truck or with the machine itself), a waiting time (either waiting for the machine to complete
the work, or waiting for the relocation to be started), and other delays. In addition to the
delay-free machine time, machine time including delays with duration shorter than 15 min
(PMH15 or E15) were also monitored from the simulation runs. Machine utilization rate
(MU%), both for the harvester and the forwarder, was calculated by dividing PMH15 by
the workplace time (MU% = PMH15/WP ∗ 100).

For the cutting operation, separate time consumption functions for thinnings and
final fellings were used (Tables 2 and 3, Figure 2). The coefficient values of the models
presented by Väätäinen et al. [25] were rescaled to better match the productivity curves of
the latest large follow-up study for harvesters in Finland [40] (Table 2). The site variables
affecting cutting productivity were average stem size and stem removal per hectare of
the site. On every site at the beginning of cutting, there was a setup time of 30 min. This
included the initialization of harvesting instructions for the new harvesting site. The time
consumption function for the forwarding presented by Väätäinen et al. [25] was used in
the model (Table 2), with the exception that the load size depended on the average stem
size (Table 3), and the formula results were multiplied by 1.1. The variables influencing
forwarding productivity in the formula were load size, forwarding distance, and removal
per hectare at the site. Finally, both in cutting and forwarding, the time consumption was
set to randomly vary within the proportional range of 0.9–1.1.

Table 2. Time consumption functions (min/m3) for the productive machine time (PMH, E0) for
cutting and forwarding in the simulation model.

Formula Type Parameter Form Coefficient Value

Cutting–thinning coefficient–b0 b0 1.40
stem size–x1, m3 1/x1 0.446

stem removal–x2, stems/ha x2 −0.001
Cutting–final felling coefficient–b0 b0 1.24

stem size–x1, m3 1/x1 0.37
stem removal–x2, stems/ha x2 −0.00042

Forwarding coefficient–b0 b0 6.261
forwarding distance–x1, m

load size–x2, m3 x1/x2 0.029

load size–x2, m3 x2 −0.046
removal–x3, m3/ha ln(x3) −0.68

Table 3. Defining of load size of the forwarder.

Stem Size–x1, m3 Load Size, m3

x1 < 0.07 m3 11
0.07 m3 < x1 < 0.125 m3 12
0.125 m3 < x1 < 0.25 m3 13
0.25 m3 < x1 < 0.45 m3 14

0.45 m3 < x1 15

For the duration and the occurrence of other delays, negative exponential distributions
and lognormal distributions were used (Table 4). Other delays included coffee/meal breaks,
communication activities, ICT management, and mechanical delays (i.e., service and repair).
The parameter values used in Väätäinen et al. [25] were converted iteratively to better
match the present technical utilization rate of forest machines by Jylhä et al. [40]. The
process flow of machine operations in the simulation with the most decisive conditional
sentences is expressed in Figure 3.
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Figure 2. Productivity figures for the harvester and forwarder for the productive machine hour (PMH, E0) according
to the time consumption formulas used. Average removals in volume and stems in thinnings (TH) were 88 m3/ha and
700 stems/ha, and in regeneration cuttings (RC) were 186 m3/ha and 646 stems/ha. The size of load space (LS) varied
between 11 and 15 m3.

Table 4. Specifications of probability distributions used for determining other delays.

Time Between Delays Type of Distribution Mean, h SD, h

harvester Negative exponential 1.97 -
forwarder Negative exponential 3.1 -

Duration of the Delay

harvester Lognormal 0.28 0.6
forwarder Lognormal 0.25 0.45

Figure 3. Flowchart of the process flow of machine operations (i.e., cutting by a harvester and forwarding by a forwarder),
with the most decisive conditional expressions influencing operations.
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Depending on the size of the harvesting entrepreneur (i.e., the number of harvesting
units) in each scenario, the base locations of machine operators and machines were de-
signed according to Table 5 and Figure 4. The base location of a relocation truck did not
vary between scenarios. Harvesting machines were always relocated to a new site after the
operation was finished at the harvesting site. This differed from the reality, where harvest-
ing machines are relocated occasionally for maintenance and repairs, and for parking for
longer non-operational periods (e.g., holiday seasons and lay-down days). The machine
operators traveled from the base locations to the harvesting site on a daily basis.

Table 5. Base locations of machine/truck operators, harvesting units, and a relocation truck in the case harvesting area. The
codes of locations are given in Figure 4.

Size of Harvesting Fleet (No. of Harvesting Units)

Relocation Truck (RT) and Harvesting Unit (HU) 2 4 6 8

RT A1 A1 A1 A1
HU 1 B2 B1 B1 B1
HU 2 B5 B3 B2 B1
HU 3 B4 B3 B3
HU 4 B6 B4 B3
HU 5 B5 B4
HU 6 B6 B4
HU 7 B6
HU 8 B6

Figure 4. Base locations of machine/truck operators, harvesting units, and a relocation truck in the
case harvesting area. The codes of locations are given in Table 5.

For the machine relocations between harvesting sites, a low bed truck with five axles
was used (Table 1). The relocation truck started its work shift from the base location and
returned at the end of the work shift. The winding factor for the machine relocations
between the sites was set to 1.47 (i.e., the multiplicator for the Euclidean distance between
sites), whereas the winding factor between the base location or the parking location and
the harvesting site was 1.37. Winding factors were processed in ArcGIS by executing a
search of a large number of road distances, both between harvesting sites, and between
sites and the base location of the relocation truck, using the road data by Digiroad Finland.
Two different adjustable work shifts were used for relocation operations: (i) a 12 h work
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shift; and (ii) an 8 h work shift plus a standby period until midnight (0:00 a.m.). Relocations
during the standby period were expected to be carried out by the harvesting company’s
management personnel. The speed functions of the relocation truck for driving loaded
and unloaded, and the time data for other work elements, were taken from the machine
relocation study of Kauppinen [9]. The relocation truck’s loading and unloading time was
0.2 h for each per relocation turn. On average, there was 0.1 h of auxiliary work time in
each relocation cycle, with a deviation of 0.05 (TNorm (0.1, 0.05)).

To run and control machine relocations, a CALL table was introduced to the simula-
tion system. Machines were listed chronologically in the CALL table according to each
machine’s approximate finishing time of operations at the site. The threshold value for
calling the relocation was 1.0 h before the estimated finishing time. The threshold value for
each machine was calculated by the time consumption formulas for cutting or forwarding.
Breakdowns of harvesting machines could not be activated during that time. At the start of
the work shift, during breaks between relocations, and after the machine was relocated to
a new site, the CALL table was always checked, and its order controlled the relocations
during the day. On occasions when the CALL table was empty (i.e., no machines soon
to be finished), the relocation truck was repositioned by 80% of the distance between the
site and base location, toward the base location, to have a break for the next call. In very
short relocation distances, the machines were relocated by driving them to the new site.
Self-driving was activated in cases when the distance to the new site was either less than
1.2 km or within 1.2–2.5 km if the probability function RAND (0–1) resulted in more than
0.5 (RAND (0–1) > 0.5).

2.4. Site Matrixes

The harvesting site data of simulation scenarios were distributed in various matrixes,
depending on the need and purpose of the matrix in the simulation phase. The base site
matrix (base matrix) consisted of all the harvesting sites and compartments converted
and recalculated from the NFI data. According to the trafficability class of harvesting
sites, the base matrix was divided into three matrixes based on the trafficability index.
This process was accomplished immediately after the site order randomization of the
base matrix, but before the start of every replication run. The active site matrix (active
matrix) was the simulation process-dependent matrix, which utilized harvesting site and
compartment data by the trafficability class-based matrixes. The number of harvesting
sites of each trafficability class within the active matrix was able to be adjusted for the
simulation scenarios. Both the trafficability of harvesting sites (i.e., harvesting season) and
the timing of lay-down times (e.g., holidays) were defined by week (Table 6).

In initialization actions, where the base parametrization was designed covering all
simulation scenarios, the demand for timber over the harvesting period (one year) was
defined. The proportions of the demands for each timber assortment were set as fixed
through the year, and the volumes of assortments corresponded to cumulative timber
volumes of the base matrix of the harvesting sites in Ilomantsi. In total, six timber assort-
ments were harvested with the following proportions: pine sawnwood (28.5%); spruce
sawnwood (12.7%); birch veneer wood (1.2%); pine pulpwood (33.0%); spruce pulpwood
(10.0%); and birch pulpwood (14.6%). The biggest demand gap within timber assortments
was the most decisive factor in searching for the next harvesting site to be harvested at a
certain simulation time. For each harvesting unit, the predetermined procedure with the
set of preconditions was conducted when defining the next harvesting site to be harvested.
This procedure was always executed before the call of the relocation truck to check the
need for machine relocation by truck (short distances by the self-driving of machines).
The selected harvesting site was saved for the harvester in question. The conditional
expression involved checking (i) the current timber demand, (ii) the volumes of the site’s
timber assortments, (iii) the site’s accessibility (i.e., harvestability), (iv) the site’s location,
(v) the harvesting unit’s operating area, and (vi) how long the site had been in the active
site matrix. In particular, in the scenarios with a bigger harvesting site reserve, if two
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or more harvesting sites with the same coordinates selectable for harvesting were found,
the model treated these sites as one site, and the removal per site thereby increased. The
core operating area of each HU was determined by a 25 km radius distance from the base
location. Harvesting outside of the core area of each HU was possible only if any suitable
sites were unavailable inside the area. Figure 5 presents the order of conditional expression.

Table 6. Harvesting trafficability and rest times by week in the simulations. Harvesting trafficability indexes: 1 = summer
sites, 2 = winter and dry summer sites, and 3 = thaw season sites. “Work” corresponds to the normal work week and “Rest”
to lay-down times (e.g., holiday seasons).

Month Week Trafficability Mode Month Week Trafficability Mode Month Week Trafficability Mode

Jan 1 2 Work May 21 1 Work Oct 41 1 Work
Jan 2 2 Work May 22 1 Work Oct 42 1 Work
Jan 3 2 Work June 23 1 Work Oct 43 3 Work
Jan 4 2 Work June 24 - Rest Now 44 1 Work
Feb 5 2 Work June 25 2 Work Now 45 1 Work
Feb 6 2 Work June 26 - Rest Now 46 3 Work
Feb 7 2 Work July 27 - Rest Now 47 3 Work
Feb 8 2 Work July 28 - Rest Now 48 3 Work

March 9 2 Work July 29 - Rest Dec 49 2 Work
March 10 2 Work July 30 - Rest Dec 50 2 Work
March 11 2 Work Aug 31 1 Work Dec 51 2 Work
March 12 2 Work Aug 32 2 Work Dec 52 - Rest
March 13 2 Work Aug 33 1 Work
April 14 2 Work Aug 34 1 Work
April 15 3 Work Aug 35 1 Work
April 16 3 Work Sept 36 1 Work
April 17 3 Work Sept 37 1 Work
May 18 - Rest Sept 38 1 Work
May 19 - Rest Sept 39 1 Work
May 20 1 Work Oct 40 1 Work

Figure 5. Site selection principle for next site to be harvested.

2.5. Simulation Scenarios and Cost Calculations

Three main simulation scenarios were configured. Scenario A consisted of the size
of the fleet of a harvesting entrepreneur, scenario B consisted of the size of the available
harvesting site reserve, and scenario C compared the timing and work shift options of
machine relocations (Table 7). All main scenarios included an operating mode for machine
relocations in which a separate driver was recruited to work with an 8 h nominal work
shift starting at 6 a.m., and if machine relocations needed to be carried out after that, one
of the harvesting company’s management personnel took responsibility for the relocation
within the next 4 or 10 h, depending on the sub-scenario. In scenarios A and C, options for
accomplishing all machine relocations by the management personnel of the company were
also included. With this option, salary costs were not included in machine relocation costs,
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and the control logic of machine relocations in the system were the same with or without
the separate driver.

Table 7. Simulation scenarios of the study.

Main Scenario Sub Scenario Definition

A. Size of the
fleet 1,3

2 HU 2 HUs with a relocation truck and a 0.9-month site buffer
4 HU 4 HUs with a relocation truck and a 0.9-month site buffer
6 HU 6 HUs with a relocation truck and a 0.9-month site buffer
8 HU 8 HUs with a relocation truck and a 0.9-month site buffer

B. Size of
harvesting site
reserve 1

0.23mths_4HU 4 HUs with a relocation truck and a 0.23-month site buffer
0.45mths_4HU 4 HUs with a relocation truck and a 0.45-month site buffer
0.9mths_4HU 4 HUs with a relocation truck and a 0.9-month site buffer

1.75mths_4HU 4 HUs with a relocation truck and a 1.75-month site buffer
0.23mths_8HU 8 HUs with a relocation truck and a 0.23-month site buffer
0.45mths_8HU 8 HUs with a relocation truck and a 0.45-month site buffer
0.9mths_8HU 8 HUs with a relocation truck and a 0.9-month site buffer

1.75mths_8HU 8 HUs with a relocation truck and a 1.75-month site buffer

C. Timing of
machine
relocations

8h+4h-stby_4HU 4 HUS with a relocation truck and 8-h work shift, with an additional 4 h as standby 2

8h+10h-stby_4HU 4 HUs with a relocation truck and 8-h work shift, with an additional 10 h as standby 1

18h-stby_4HU 4 HUs with a relocation truck and 18-h as standby 3

8h+4h-stby_8HU 8 HUs with a relocation truck and 8-h work shift, with an additional 4 h as standby 2

8h+10h-stby_8HU 8 HUs with a relocation truck and 8-h work shift, with an additional 10 h as standby 1

18h-stby_8HU 8 HUs with a relocation truck and 18 h as standby 3

1 Separate person recruited for machine relocation with 8-h work shift and remaining daily relocations within next 10 h by company’s
management personnel; 2 Separate person recruited for machine relocation with 8-h work shift and remaining daily relocations within
next 4 h by company’s management personnel; 3 Company’s own personnel take responsibility for machine relocations; salary costs of
relocations embedded in harvesting costs.

In scenario A, the fleet sizes of 2, 4, 6, and 8 HUs were simulated. The average
harvesting site reserve was set at 0.9 months for all sub-scenarios. Daily machine relocations
were carried out within 18 h, either with the option of an 8 h separate driver and an
additional 10 h standby, or with the 18 h standby option with the company’s management
personnel. In the latter case, the salary cost for relocation was not included in the relocation
costs. In scenario B, the average harvesting site reserve varied between 0.23, 0.45, 0.9, and
1.75 months for the two fleet size scenarios of 4 and 8 HU. All scenario B sub-scenarios
included an 8 h separate truck driver for conducting machine relocations added to a 10 h
standby/availability for required relocations during the remainder of the day. In scenario
C, the day’s machine relocations were carried out either during a 12 or 18 h period, starting
at 6 a.m. In the 12 h working option, an 8 h work shift of a separate low bed truck driver
was used, and the remaining relocations were performed by the entrepreneur’s personnel
within a 4 h standby time (8h+4h-stby). In 18 h options, a combination of an 8 h separate
driver and a 10 h additional standby time (8h+10h-stby) or a full 18 h standby time operated
by the company’s management personnel (18h-stby) was used. Simulation runs for the
C scenarios were carried out for two fleet sizes of 4 and 8 HU, and with a harvesting site
reserve of 0.9 months.

The simulation scenario run was for one full year, starting on 1 January. Each of the
simulation scenarios was replicated seven times, and the average of the replications was
used in the results to control the replication variation. In addition, 95% confidence levels
(CL) were given as the main result indicators for scenarios. Between replications, random
seeds were varied in all theoretical distributions and random number generators. Due
to the variation of harvesting site parameters and the impact of the order of harvesting
sites in the base site matrix, harvesting sites were randomly rearranged at the beginning
of each replication run. This procedure restructured the harvesting operations for every
replication, thereby ensuring the yearly variation was consistent with that in reality.

Machine-specific costing table sheets were used for cutting, forwarding, and machine
relocations. The cost for each machine type was conducted on an annual basis. The
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cost of cutting was determined by the time consumption and cutting performance data
of harvesters from the set of simulation scenario runs, and the cost of forwarding and
machine relocations followed the same procedure. Price values represented average values
for 2018, and were collected from statistics and harvesting entrepreneurs operating in
Eastern Finland. Machine operators’ work trips were monitored from home to work and
back, and trip allowances were counted. The operators’ home locations were the same as
the base locations of the harvesting machines each operator was using. Cost-specific data
is available in Table 8.

Table 8. Cost accounting factors and the values (excluding VAT) used for calculating costs of the harvesting operations.

Characteristics of Machinery Harvester Forwarder Low-bed Truck

Size in weight, t 17–20 15–18 15 t
Gross vehicle weight, t - 28–32 44

Axles, no. bogie axles in front and
rear

bogie axles in front and
rear 5-axles

Purchase price (incl. equipment), € 465,000 320,000 221,900
Soft soil gear (equipment), € 15,000 20,000 -

Harvester head (equipment), € 60,000 - -
Life span (base machine; equipment) 12,000 h; 7000 h 15,000 h; 7000 h 10 years (240k–770k km)

Salvage percent (base machine; equipment), % 23; 20 23; 20
Annual depreciation of purchase price, % 20

Fixed costs
Interest rate, % 3 3 3

Insurance and trafficking costs, € 2000 1500 2500
Adm., maint., and buildings (2 HU; 4 HU; 6 HU; 8 HU), k€ 4; 2.5; 2; 1.75 4; 2.5; 2; 1.75 3

Labour costs
Wage cost for base shift, €/h 15 14 14

Wage cost for weekend/extended shift, €/h 24 22.5 -
Indirect wage cost, % 57 57 57

Kilometer allowance for machine operators, €/km 0.43 0.43 -
Daily allowance for machine operators, €/day on avg. 5 5 -

Variable costs
Fuel price and consumption €0.89/L; 16 L/h €0.89/L; 13 L/h €1.1/L; 40 L/km

Engine and gear oil price and consumption €1.29/L; 0.1 L/h €1.29/L; 0.1 L/h €0.01/km
Hydraulic oil price and consumption €1.69/L; 0.2 L/h €1.69/L; 0.2 L/h -
Chainsaw oil price and consumption €1.69/L; 0.57 L/h - -
Color mark price and consumption €1.29/L; 0.3 L/h - -
Chainsaw price and consumption €16.1/pcs; 0.06 pcs/h - -

Sawbar price and consumption €50/pcs; 0.02 pcs/h - -
Repair and maintenance cost €12.1/h €8.06/h €0.1/km

Tire coating, €/tyre - - 300
Max distance for tires before coating, km - - 100,000

Operating margin, % 5 5 5

3. Results
3.1. Size of the Fleet

The mean values of harvesting site characteristics (i.e., site removal, site area, stem
size, and forwarding distance) did not differ significantly among simulation scenario
runs (Table 9). The mean annual harvesting volume of a harvesting unit was within
36,273–37,220 m3. The size of the harvesting fleet therefore did not affect the volume. In
all scenarios, the average harvesting site reserve for one harvester-forwarder unit was
adjusted to 0.9 months (i.e., the average duration for harvesting the wood volume of sites at
the site reserve). However, the site reserve varied during the one-year simulation, and was
at its lowest for 0.3–0.4 months during the thaw and summer periods, and at its highest for
1.0–1.2 months during the winter.

The efficiency and utilization figures noticeably improved for the relocation truck
when the size of the fleet increased (Table 10). The mean operating time of the truck
increased from 2.3 to 7.3 h per day (+217%) when the size of the fleet increased from 2 to
8 HUs (+300%). The average trip length and time decreased from 82 to 64 km and 2.3 to
1.9 h, due mainly to the larger site reserve with shorter site-to-site machine relocations.
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Table 9. Parameter data of harvesting sites and machine performance among simulation scenarios of 2, 4, 6, and 8 HU.
Presented are 95% confidence intervals of 7 replications.

2 HU 4 HU 6 HU 8 HU

AVG CI-95% AVG CI-95% AVG CI-95% AVG CI-95%

Site removal, m3 571.6 ±27.4 600.3 ±28.8 587.1 ±19.7 592.2 ±18.7
Harvesting site area, ha 5.2 ±0.25 5.5 ±0.3 5.3 ±0.24 5.4 ±0.15
Stem size, m3 0.250 ±0.011 0.252 ±0.004 0.255 ±0.004 0.255 ±0.003
Forwarding distance, m 353 ±29 356 ±14.8 338 ±11.4 335 ±8.7
No. of logging sites 127 ±5.98 249 ±10.23 378 ±11.77 498 ±11.17
Cutting productivity, average, m3/PMH15 18.8 ±0.64 19.4 ±0.13 19.3 ±0.25 19.2 ±0.22
Forwarding productivity, m3/PMH15 16.6 ±0.69 16.7 ±0.17 17.1 ±0.31 17.0 ±0.18
Total removal, m3 72,546 ±1986 148,882 ±1032 221,577 ±2401 294,255 ±3741
Removal per HU, m3 36,272.9 37,220.4 36,929.6 36,781.9
Harvesting site reserve, average, m3 5844 12,169 18,320 24,020
Harvesting site reserve average in months 0.89 0.90 0.91 0.90

Table 10. Performance values of the relocation truck among simulation scenarios of 2, 4, 6, and 8 HU. Presented are 95%
confidence intervals of 7 replications.

2 HU 4 HU 6 HU 8 HU

AVG CI-95% AVG CI-95% AVG CI-95% AVG CI-95%

Operation time of the day, hours 2.3 ±0.18 4.0 ±0.18 5.8 ±0.21 7.3 0.2
No. of relocations, no./year 252 ±12 492 ±21 741 ±24 971 ±24
Total driving, km/year 20,580 ±1655 34,995 ±1398 50,462 ±2470 62,039 ±1414
Average relocation distance, km 30.0 ±2.0 22.0 ±1.0 19.9 ±0.9 16.7 ±0.5
Average cycle trip, km 81.6 ±2.7 71.1 ±1.1 68.1 ±1.5 63.9 ±0.8
Average trip time, h 2.3 ±0.07 2.1 ±0.03 2.0 ±0.03 1.9 ±0.04
Relocations by harvesting machine, no/year 0.7 ±0.7 0.7 ±0.5 1.3 ±0.3 1.5 ±0.4

PMH15 time for the harvester work took nearly the same share of the workplace time
regardless of the size of the fleet (MU% was 85.3%, 85.3%, 84.8%, and 84.9% for 2, 4, 6, and
8 HU, respectively). Similar results were seen for the MU% of forwarding, with shares of
87.9%, 88.3%, 88.0%, and 87.4% in the respective order of scenarios. The larger the fleet, the
smaller the machine relocation time, and the longer the wait for the relocation for both the
harvester and the forwarder (Figures 6 and 7). Therefore, due to the opposite directions of
the impact on the wait for the relocation time and the machine relocation time, the size of
the fleet basically had no influence on the MU% of machines.

With a larger fleet size, due to the greater availability of closer harvesting sites, the
relocation distance between sites decreased compared to smaller fleet sizes (Figure 8). For
example, the 2 HU scenario resulted in 40%, and the 8 HU scenario resulted in 73%, of all
relocations by the low-bed truck in relocation distances of less than 20.1 km.

Largely because of the lower use of the relocation truck, particularly in the 2 HU
scenario, harvesting costs were 9.0% and 6.1% higher compared to the 4 HU scenarios, and
12.8% and 8.3% higher compared to the 8 HU scenarios, with and without a designated
driver and the salary cost for the relocation truck, respectively (Figure 9). Moreover, with
a smaller fleet size, the unit costs of harvesting machines (EUR/m3) were slightly higher
due to longer work trips to sites further from home with higher work trip expenses, and
a slightly higher share of administration and maintenance costs divided by the smaller
number of machines. If a driver was not recruited for machine relocations, and salary costs
were excluded from the relocation costs, the financial impact was significantly better in
smaller fleet scenarios. The decrease in harvesting costs for 2, 4, 6, and 8 HU was 5.5%,
2.9%, 2.0%, and 1.5%, respectively.



Forests 2021, 12, 1328 14 of 24

Figure 6. Worktime distributions for smaller time elements of harvesters with 95% confidence
intervals. The entrepreneur’s fleet size ranged between 2 and 8 harvesting units (HU).

Figure 7. Work time distributions for smaller time elements of forwarders with 95% confidence
intervals. The entrepreneur’s fleet size ranged between 2 and 8 harvesting units (HU).
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Figure 8. Distance distributions of machine relocations by low-bed truck for the fleet size scenarios
(2, 4, 6, and 8 HU). The scenario bars represent averages of 7 replications.

Figure 9. Harvesting costs for the scenarios of various fleet sizes (2, 4, 6, and 8 HU). Error bars
represent the 95% CI of 7 scenario replications. In addition, both the relocation and the harvesting
costs are expressed with and without a specially employed driver for the relocation truck.

3.2. Size of Harvesting Site Reserve

A larger harvesting site reserve, measured in months, significantly decreased both the
mean relocation distance and the time share for machine relocations (Figure 10). Moreover,
waiting times for the relocations dropped noticeably. The 0.23-month scenario (1 week)
harvesting site reserve for 4 HUs resulted in a 208% longer mean relocation distance
compared to a 1.75-month site reserve (33.1 km for 0.23 mths vs. 15.9 km for 1.75 mths),
whereas the respective value in the 8 HU scenario run was 234% (29.2 km for 0.23 mths vs.
12.5 km for 1.75 mths). Productive operating times for cutting and forwarding increased by
roughly 1.5% with the respective increase in the average site reserve (0.23 to 1.75 months).
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In addition, more efficient clustering of harvested harvesting sites was observed with the
larger site reserve (Figure 11).
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Figure 11. An example of the locations of the harvested sites by two of the eight harvester-forwarder
(HU) units for 0.23 and 1.75 months of harvesting site reserves with 8 HU. The harvested sites of the
seventh replication of two HUs are marked in black boxes (1 HU) and grey circles (2 HU). The base
locations are marked as crosses in respective colors.

The impact of the increase in the site reserve on harvesting costs was logarithmically
shaped within the range of site reserves in both simulation scenario sets of 4 and 8 HU, i.e.,
the effect of the site reserve size on harvesting costs was greater in smaller site reserves
than larger site reserves. An increase of roughly two weeks from 0.45 months to 0.9 months
in site reserve decreased harvesting costs by 1.5% and 1.2% in 4 and 8 HU scenarios,
respectively (Figure 12).
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Figure 12. Harvesting costs for scenarios with a varying site reserve for the 4 and 8 HU options. Error
bars represent 95% CI of 7 scenario replications.

3.3. Timing of Machine Relocations

In the 4 HU scenario, 12 h of readiness for relocations per working day (8h+4h-
stby) were adequate for conducting relocations, with only a slight increase in machines’
waiting times for relocations compared to scenarios of 18 h readiness for relocations per
day (Figure 13). On the contrary, the 8 HU scenario of a 12 h readiness for relocations
(8h+4 h-stby) was insufficient to accomplish relocations without a distinct increase in
waiting times for relocation. In 4 HU scenarios with an 18 h readiness for relocations,
only 2.5% of relocations started after 18:00, and in respective 8 HU scenarios, the share
of relocations was 5% (Figure 14). Compared to the 18 h scenarios (i.e., 8h+10h-stby or
18h-stby), a 12 h readiness for relocations per day resulted in a significantly larger number
of relocations immediately at the start of the work shift.

Figure 13. Impact of the relocation options in terms of the readiness time for relocations per working
day. The 8h+4h-stby consisted of an 8 h work shift of a relocation truck driver added to 4 h of standby
mode managed by the head personnel of the harvesting entrepreneur. The 8h+10h-stby and 18h-stby
consisted of 18 h readiness for relocations per day.
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In the 4 HU scenario, employing a relocation truck driver for an 8 h working shift per
day entailed an increase in relocation costs of roughly 93%, and harvesting costs of 3.0%,
compared with 8h+10h-stby and 18h-stby (Figure 15). In contrast, in the 8 HU scenario, the
respective values were 72% and 1.5%. In the 8 HU scenario, an economic benefit could be
achieved if machine relocations were carried out with an 18 h readiness level instead of
the 12 h option. Readiness for the relocations that were six hours longer per day reduced
the waiting times of harvesters and forwarders for relocation and increased the share of
productive machine time (PMH), and therefore the mean costs in cutting and forwarding
decreased by 0.7% and 2.4%, respectively.

Figure 15. Harvesting costs for the scenarios with alternative relocation options for the 4 and
8 HU fleet sizes. The 8h+4h-stby consisted of the 8 h work shift of a relocation truck driver added
to a 4 h standby mode managed by the harvesting entrepreneur’s head personnel. The 8h+10h-
stby and 18h-stby consisted of an 18 h readiness for relocations. Error bars represent 95% CI of
7 scenario replications.
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4. Discussion

Unlike earlier system analysis studies of CTL harvesting operations that used the his-
torical data of harvested sites, e.g., [11,12,18,25], a new approach to generating harvesting
site data from the National Forest Inventory campaign was achieved in this study. The
method for generating harvesting sites considered the expectation of cutting by different
regimes within a 10-year period in each inventory plot stand, thus enabling the impact of
altered shares of cutting regimes on operations and costs to be foreseen. Spatial open-source
data (e.g., static trafficability map and road data by Digiroad) were linked to harvesting
sites to assess the accessibility and timing for harvesting, and to determine the distances
for the forwarding, driving to work, and machine relocations.

The procedure used, which utilized classification values of the forest trafficability
map, was subject to drawbacks in correctly estimating the trafficability of the harvesting
site. The procedure used in our study did not consider the terrain trafficability analysis
between the central area of the harvesting site and the landing, and the quality and the
trafficability of the road from the landing onwards. However, the main goal was to test and
utilize the forest trafficability map for the first time in the system analysis simulations of
CTL timber harvesting, knowing that the open terrain trafficability information, in addition
to the processing and utilizing of the data, are in continuous development, thus resulting
in more precise temporal and spatial estimates in the future. In practice in Finland and
Sweden, forest trafficability map and the depth-to-water map solutions have been used
at a vast scale in the planning of timber harvesting for reducing the harvesting impact on
soils for several years [36,37]. Moreover, active development work has been undertaken on
weather-driven, dynamic trafficability maps, e.g., [41,42].

A calibration of the harvester’s productivity function was carried out in the recent
larger harvester follow-up study by Jylhä et al. [40] to update the formulas for today’s
purposes. The same fused forwarder productivity model was used for regeneration cuttings
and thinnings, which resulted in slightly higher values in thinnings compared to the studies
of, e.g., [27,28]. Productivity functions of forwarders need to be updated for future studies
with the use of the system simulator.

In this study, machine utilization rates (MU%) for the harvesters and forwarders
were roughly 4–6% higher than in the previous studies by Kärhä et al. [11], Eriksson and
Lindroos [28], and Jylhä [40]. For harvesters, MU% ranged between 78 and 81 [28,40],
and for forwarders MU% was 84 [28]. One reason for the higher MU% of machines was
the location of the operating area in Eastern Finland, which has larger forest properties
than in Southern and Western Finland, enabling larger cutting sites to be defined for
harvesting. This study’s average site removal was 588 m3, whereas in the studies of
Väätäinen et al. [12,24,25], with cutting areas concentrated in Southern and Western Finland,
the harvesting site removals of case contractors averaged 440 m3, ranging between 270 and
535 m3, and depending greatly on the geographical location of sites. Larger cutting site
units reduce the total share of time used for the setups at the start of the new harvesting
sites, the total time for the machine relocations, and the waiting time for the relocations,
thereby having a positive effect on the MU% of harvesting machines.

In comparing the study result with practice, it is worth highlighting some differences
between the simulation model and practice. All the machines were paused when the rest
period was activated, whereas in practice, some machine operators and machines are in lay-
down while the other labor and machine resources are in use. According to the statistics for
the last five-year period in Finland [43], one-third of the machine capacity is in use during
the thaw and summer. Typically, during the low season, some forwarding capacity is
utilized for extracting harvesting residues for energy from spruce-dominated final fellings.
Furthermore, the demand for sawnwood assortments varies throughout the year due to
storage volume levels, the thaw and holiday seasons, and sudden changes in sawnwood
markets [44]. Operating on Saturdays and a two-shift work mode are more typical during
the winter; during the summer and spring, a one-shift mode is more common. Furthermore,
all machines were defined as being similar in size and equipment, enabling them to be



Forests 2021, 12, 1328 20 of 24

operated on all sites and cutting types. However, in practice, larger entrepreneurs, in
particular, have machines of varying sizes and equipment, adding another feature to
machine productivity, site selection, and machine allocation. In terms of size classes, all-
purpose machines are the most used, both for harvesters and forwarders, in northern
countries [45].

Additional machine relocations other than those modeled in the simulations occur in
practice for maintenance, repair, and parking for lay-downs, in addition to extra relocations
to/from sites with insufficient ground-bearing capacity or preclearing of undergrowth
on harvesting sites. By comparison, the CALL table was strict in carrying out relocations
according to order, even though in some cases it would have been more feasible for the
next machine (M2) to appear promptly in the waiting line of the CALL table before the
machine (M1) standing earlier in the waiting line and located much farther from the truck
than the M2 machine. In this respect, smarter decisions in ordering and routing machine re-
locations are made in practice. Overall, average machine relocation distances, and trip time
durations and distances, were consistent with those in the studies of, e.g., Kärhä et al. [8]
and Kauppinen [10].

As seen in this study, most harvesting entrepreneurs in Finland tend to carry out
machine relocation with their own trucks, e.g., [4]. However, relocation services are utilized
when an urgent need arises, especially when the entrepreneur’s own truck is occupied for
a longer time or is free but located far away. Networking between machine entrepreneurs
and buying relocation services are included in business portfolios to improve operating
efficiency [4,7,10].

Many productivity and time consumption functions of mechanized CTL harvesting
have typically described the response variable in the function of some stand and machine
parameters, without taking the operator effect into account. The operator’s effect on ma-
chine performance is noticeable [29,46,47], and productivity within operators may vary
greatly, even in the same harvesting conditions, due to the operator’s motivation and experi-
ence, the working technique they use, their sensory motor abilities (i.e., crane and generator
control), skill level, mental workload, and workability and wellbeing, e.g., [46–50]. More-
over, temporal and spatial changes in the operating environment constantly affect the
performance of the human–machine system, thereby increasing performance variation
in the system. In terms of the size of the business, larger entrepreneurs tend to have
better opportunities to recruit more skilled machine operators, the site reserves are bigger,
the machinery is newer, and the annual machine production is higher [4]. However, by
outlining some of the features, variables, and external factors influencing the operational
system, in addition to equalizing some parameter values for all scenarios, it is possible to
examine the objectives of this study with improved control and better accuracy. Thus, the
magnitude of scenario differences and the order of scenarios, i.e., the trend, can be more
reliably detected.

In all size scenarios, by enlarging the scale of the operation via increasing the size
of the fleet, economies of scale were distinguishable, which supported the findings of
Väätäinen et al. [12] and Kauppinen [10]. In this study, in low-bed truck utilization scenar-
ios, the relocation cost per harvested m3 of timber was reduced by half, and harvesting
costs by roughly 8%, if the size of the fleet was doubled from 2 to 4 HU. Second, a larger
fleet with a bigger site reserve made more sites available for selection where machines
were relocated. In turn, this shortened relocation distances and reduced the time forest
machines were involved in machine relocations. However, machine waiting before the
relocation was found to increase when the fleet size increased. Doubling the site reserve
removal reduced harvesting costs by 0.5–1.5%, depending on the compared scenarios.
Furthermore, administration and maintenance costs, in addition to work driving expenses
per machine, decreased when the fleet size increased. Jylhä et al. [4] found that larger
harvesting companies typically had bigger site reserves than smaller ones.

In terms of cost-effective relocation options, the study’s results justify the correspond-
ing findings from practice [10,12]; the use of a relocation truck by smaller entrepreneurs
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(2 to 4 HU) remains at a level at which it is not economically feasible to employ a separate
driver for the truck. With 6 and 8 HU fleets, average daily operating times were 5.8 and
7.3 h, respectively, for the machine relocations with a low-bed truck, greatly supporting
the employment of a separate driver for a one-day shift, and the execution of the small
number of occasionally occurring relocations during the remainder of the day with the
entrepreneur’s own personnel, or the execution of relocations at the beginning of the next
working day (see scenarios in Figure 14). This is in line with the findings in Jylhä et al. [4],
where half of the harvesting entrepreneurs with an annual turnover of more than EUR
2 million recruited staff for machine relocations and other supporting tasks. According to
the scenario results, the annual turnover in the 6 and 8 HU scenarios was roughly EUR
2.4 and 3.2 million, respectively. It should be noted that all the scenarios were carried out
with a setup using one relocation truck owned by the entrepreneur.

At present, novel simulation software applications and other operation research (OR)
tools are highly applicable for a more precise system analysis of supply chains and logistics,
with the enhanced availability of a vast amount of input data from several sources [51]. The
developed system analysis model for Nordic CTL harvesting is a feasible tool to support
the strategic planning of wood harvesting operations, while comparing and analyzing
cost-effective and resource-efficient options for, e.g., executing machine relocations, and
structuring and sizing the harvesting fleet. In future, as a result of further development
of the system analysis model, significant interest will be generated for evaluation of the
impact of the weather (e.g., climate change), the trafficability variation of the forests and
the road network, the changes in timber demand, or the changes of cutting regimes on
harvesting performance indicators, including CO2 emissions. The modeling of temporal
and spatial changes may further improve model performance and reliability.

5. Conclusions

This study highlighted the economies of scale and the phenomena associated with the
interactions between the relocation truck and the harvesting machines (i.e., the harvester
and the forwarder) with different fleet sizes in mechanized CTL harvesting in Eastern
Finland. The utilization level of the relocation truck had a significant influence on the
harvesting costs. Bigger fleet size supported more the use of an owned relocation truck
with a designated driver for the truck. The increased utilization of the truck lowers the
relocation costs per harvested cubic meter of timber (EUR/m3). In turn, however, the
truck was more often occupied and the need for new machine relocation increased, and
thus, the waiting time of machines was increased. Moreover, with the bigger fleet size,
the number of harvesting sites per fleet increased, resulting in more sites available for
the site selection. Therefore, machine relocation distances and times were decreased. The
study results emphasize the importance of entrepreneur-specific strategic and operational
planning of machine relocations in cost-efficient CTL harvesting.
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