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Productivity and cost of harvesting roadside brushwood and small trees  
in Sweden: a simulation study
Daniel Nilsson a and Örjan Grönlund b,c

aDepartment of Biosystems and Technology, Swedish University of Agricultural Sciences, Alnarp, Sweden; bThe Forestry Research Institute of Sweden, 
Uppsala, Sweden; cSkogsägarna Mellanskog, Uppsala, Sweden

ABSTRACT
There is a large biomass potential in harvesting brushwood and young trees on roadsides in Sweden 
(about 3 PJ yr−1). In this study, a simulation model for analyzing time consumption and profitability of 
strip-harvesting brushwood and young trees under different conditions was developed and validated. 
A simple stand generator was used to generate twenty-nine stand types with an average diameter at 
breast height (DBH) ranging from 4–10 cm and stand density from 2,500 to 20,000 stems ha−1. Thereafter, 
harvest of these stands was simulated and analyzed. The results showed a positive correlation between 
harvester performance, DBH, and stand density. At approx. 10,000 stems ha−1, however, the performance 
flattened out. There was a clear relationship between costs and the number of stems felled. In contrast, 
the cost per tonne of dry matter was governed by a combination of tree size and number of trees felled 
(lowest cost when felling many thicker stems and vice versa). It was concluded that this simulation model, 
using data that was quite easy to obtain, can address one of the main challenges for brushwood 
harvesting, i.e. identifying areas where operations will be profitable.
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Introduction

In recent decades, the landscape in large parts of Sweden 
has become increasingly overgrown with brushwood and 
young trees. Apart from small trees in forest land managed 
for wood production, there is approx. 18 million tonnes of 
dry matter (DM) brushwood in Sweden, corresponding to 
about 300 PJ (Emanuelsson et al. 2014; Ebenhard et al. 
2017). This quantity can be found in roadsides, railway 
lines, power line corridors, small biotopes in arable fields 
(field edges, islets, etc.), overgrown arable land and semi- 
natural grasslands. The annual harvest potential is esti-
mated to be 23 PJ yr−1 when economic factors, legal restric-
tions, biodiversity constraints, annual growth and other 
practical factors are considered (Emanuelsson et al. 2014; 
Ebenhard et al. 2017). Of this, the potential for harvesting 
on roadsides is 3 PJ yr−1. Including thinning in additional 
5 m wide edge zones along forest roads (outside the area 
classified as road), there is a further potential of 3 PJ yr−1 

(Ebenhard et al. 2017).
For brushwood, the amount of biomass per unit area is nor-

mally low and the harvest areas are often small, scattered and 
distant, resulting in high harvest costs (Nilsson et al. 2020). 
However, in contrast to thinning in forestry, ground conditions 
are easy and forwarding distances are short, in particular for 
roadside cutting. Furthermore, no time is spent for tree selection 
as all trees are harvested (with some exceptions e.g. trees with high 
conservation value). Such factors increase work efficiency 

compared with conventional clearing and thinning in forestry 
(Fernandez-Lacruz et al. 2021).

For harvesting in areas where regular clearing is mandatory, 
e.g. in power line corridors where the current practice is 
motor-manual felling and no extraction of biomass, utilization 
of brushwood is rational if the costs for gathering, chipping 
and transport are lower than the revenue, even though the total 
net gain still may be negative (Emanuelsson et al. 2014). For 
areas with no legal requirements for clearing, such as forest 
roadsides, clearing intervals may be longer and biomass yields 
higher. These operations result not only in better road bank 
drainage, but also in other positive external effects regarding 
fire-fighting (Laschi et al. 2019) and biodiversity (Dániel- 
Ferreira 2021).

Limited site-specific studies of performance and costs for har-
vesting brushwood have been carried out along roadsides 
(Iwarsson Wide 2009a, 2009b, 2009c; Edlund 2009; Laitila and 
Väätäinen 2020, 2021; Fernandez-Lacruz et al. 2021), in power 
line corridors (Fernandez-Lacruz et al. 2013), along field edges 
(Laitila and Väätäinen 2021) and on overgrown arable land 
(Bergström et al. 2015). Different types of accumulating felling 
heads (equipped with e.g. disk saws, saw bars or shear blades) 
mounted on different types of base machines (e.g. excavators, 
tractors or harvesters) have been tested. In addition to two- 
machine systems (harvester and forwarder), the head can be 
mounted on a harwarder, which is a dual-purpose machine for 
both cutting and forwarding (Laitila and Väätäinen 2020). 
A general conclusion from previous research is that the 
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characteristics of the stand are a key factor regarding performance 
and costs.

Simulation is a powerful tool to analyze and evaluate 
complex harvest and supply systems, e.g. in forestry 
(Opacic and Sowlati 2017). Since there are a huge number 
of variations on the characteristics of a brushwood stand, 
e.g. in terms of species, diameter, stem density, spatial 
distribution (length and clearance depth, possible gaps), 
clearing obstacles (e.g. electricity poles), terrain conditions, 
etc., a simulation model (stand generator) can be con-
structed to take such factors into account. Thus, many 
different stand conditions can be simulated and analyzed. 
Furthermore, simulation of machine operations enables 
detailed analysis of the performance of different machine 
designs and configurations (Sängstuvall et al. 2012; Jundén 
et al. 2013; Berg et al. 2014), and it also enables identifica-
tion of possible bottlenecks that may arise in the handling 
system (e.g. Nilsson et al. 2017). In conclusion, simulation 
is a fast and cost-effective alternative or supplement to 
practical experiments in situ, provided that the model is 
credible and robust (Kelton et al. 2007).

The objective of this study was to develop a simulation 
model that can be used to analyze performance and profit-
ability of strip-harvesting of brushwood/young trees under 
different conditions, in terms of stem density, average and 
spread of DBH, tree species and biomass yield and spatial 
aspects such as length and depth of strips. In this paper, brush-
wood and young trees were defined as arboreal plants with 
0<DBH<20 cm.

Materials and methods

Model overview

The model comprises three main parts: a stand generator, 
a dynamic harvest model and a cost calculation model 
(Figure 1). The stand generator was developed in the Arena 
simulation package (Kelton et al. 2007; Rockwell Automation 

2020), and the resulting stands were visualized in the Heureka 
software system (SLU 2018). The simulation model for perfor-
mance analysis was also constructed in Arena, while the calcu-
lations of economic profitability were done in an Excel 
spreadsheet.

Stand generator

Modelling approaches
Several complex spatiotemporal models have been developed to 
simulate growth, carbon cycles, biodiversity changes, etc. of forests 
on a landscape level (Borges et al. 2014; Shifley et al. 2017; Huang 
et al. 2018; SLU 2018; Linkevičius et al. 2018). Some of these 
models also include stand level submodels. In North America, 
the stand simulator FVS (Forest Vegetation Simulator) is used to 
simulate growth, mortality and regeneration (Crookston and 
Dixon 2005). In Europe, examples of stand level simulators are 
SILVA (Pretzsch et al. 2002) and MOSES (Thurnher et al. 2017). 
Under Nordic conditions, the simulators MOTTI (Hynynen et al. 
2005) and Heureka (StandWise) (SLU 2018) are used to study 
forest-related changes on a stand level. Most stand simulators 
mentioned above have 3D visualization, and Wang et al. (2009), 
Kershaw et al. (2010) and Han et al. (2016) present some addi-
tional 3D models.

On initialization of stand simulators, distance-independent 
(e.g. MOTTI (Hynynen et al. 2005)), semi-distance indepen-
dent (e.g. FVS (Huang et al. 2018)) or distance-dependent (e.g. 
SILVA (Pretzsch et al. 2002) and MOSES (Thurnher et al. 
2017)) individual-tree data are used. Distance-dependent data 
implies that the position (coordinates) of each tree is required, 
besides, e.g. species, DBH, height and crown width. Position 
data can be obtained from field measurements, but that is 
expensive. An alternative is to use stand generators that posi-
tion individual trees depending on spatial pattern (e.g. uni-
form, random or clustered patterns), age, species, width of the 
crown, etc. (Wang et al. 2009).

1. Generation of 
fictive stands.

2. Dynamic simu-
lation of harvest 
operations.

3. Calculation of 
costs, labor 
demand, etc. 

Biomass 
stand

Work operations and 
technology used

Calculation 
tool 

Arena-model Spreadsheet-model

Tree-, stand- and site-
specific data

Data on machine performance 
and harvested volumes

Costs etc.

Arena-model

Figure 1. Model overview, showing e.g. The interconnections between the three sub-models.
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Pretzsch (1997) presented a method for positioning trees 
using the Poisson process approach in combination with 
restrictions regarding DBH-based stem-to-stem distances, 
while Valentine et al. (2000) assigned DBH depending on free 
polygon space around positioned trees. Models using the point 
process approach have been developed by e.g. Kokkila et al. 
(2002), using the Gibbs marked point process in which the 
trees were considered as “charges rejecting each other,” and by 
Grabarnik and Särkkä (2009) using hierarchical interactions 
between trees of different sizes. A hierarchical point process 
approach was also developed by Lister and Leites (2018), while 
Kershaw et al. (2010) used copulas (multivariate distributions) 
to generate spatially correlated forest stand structures.

As analyses of spatial patterns and temporal changes were 
not the primary aim of the present model, a simple stand 
generator was developed to designate DBH for one tree at 
a time, calculate height and dry matter content and then 
randomly position it.

Model
In the model, each stem was assigned a species category and DBH 
(Figure 2). The total number of stems to be generated was based 
on estimations of stem density and area of the stand to be cleared.

There were four species categories (k) in the model: Scots 
pine (Pinus sylvestris L.) (k = 1), Norway spruce (Picea abies 
(L.) Karst.) (k = 2), birch (Betula pendula Roth. and Betula 
pubescens Ehrh.) (k = 3) and other deciduous trees (k = 4). 
Each stem was randomly assigned a species category depending 
on estimations of the actual distribution of species (e.g. in 
percentages) in the stand to be cleared.

In order to determine the value of DBH (cm) of each stem 
(when sample data were available, see Figure 2), Weibull dis-
tributions were used for each k (Bailey and Dell 1973; Shifley 
and Lentz 1985; Valentine et al. 2000; Wang et al. 2009). The 
shape (α) and scale (ß) parameters (α > 0, ß > 0) of the Weibull 
distribution can be estimated from species-specific sample 
measurements described by DBH class data in histograms or 
by data described by the mean (�x) and the standard 
deviation (s) of DBH. For α = 1, the distribution is the same 
as the exponential distribution and for α ≈ 3–3.5 the shape of 
the distribution approximates a normal distribution. By intro-
ducing a location parameter (γ), the distribution can be located 
along the abscissa (γ ≥ 0), i.e. DBH∈Weib(α,ß,γ). As Weibull 
density functions are in the range [0,+∞], a maximum value of 
DBH should be used in the model, since very large DBH values 
may not be probable according to the estimated age of the 
stand. The maximum value should be chosen with care, how-
ever, because too high values (i.e. max DBH >> x) may bias the 
outcome of the simulator.

If observed DBH data are grouped in histogram classes, the 
“Input Analyzer” tool in Arena (Rockwell Automation 2020) 
can be used to fit Weibull distribution curves to the data. In 
this tool, the goodness-of-fit are evaluated using the 
Kolmogorov-Smirnov or Chi-Squared tests (Kelton et al. 
2007).

If observed DBH sample data are described only by �x and s, 
the following method can be used. The expected value (μ) of 
a Weibull distribution is described by Equation 1 (Shifley and 
Lentz 1985) 

3. Length (x) (m) 
and depth (y) (m) 
of roadside stand.

1. Stem density 
(total number of 
stems ha-1).

2. Distribu!on of 
species (four 
categories) (%).

4. Spa!al distribu-
!on of stems in 
stand (Z(x,y))

Input (stand data) Output (stem data)

5. DBH (cm)
- popula!on or
- species-specific

sample data;
mean and SD or
histogr. classes

Species  category (ki)
Assign ki (RNG, 
discrete prob. 
distr.)

Curve fi#ng

Assign DBH 
(RNG, Weibull 
prob. distr.)

DBH DBH

Height (h)

Biomass, DM

Coordinates (xi,yi)

Assign height
(Fig 3a-c)

Assign DM 
content (bio-
mass Eqns)

Assign xi,yi,ui
(RNG, uniform 
prob. distr.)

ui ≤ Z(xi,yi)?
Min. distance 
(Fig 4, Eqn 5) 

ok?

Yes

No

Figure 2. Input data, model logic and output data for the stand generator (RNG – random number generator, DM – dry matter, DBH – diameter at breast height).
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where Γ is the gamma function. The variance (σ2) is as follows 
(Equation 2): 

Using Equation 1 and Equation 2, we get Equation 3 (Shifley 
and Lentz 1985): 

Thus, μ/σ is independent of β, which means that we can 
calculate the shape parameter (α) using the estimate �x/s = μ/σ 
in Equation (3), and then obtain β using α and the estimate  
�x = μ in Equation (1). However, Equations (1)–(3) cannot be 
solved analytically, but numerical methods must be used (an 
example of a solver can be found in Weibullfördelningen 
(2020)).

The height h (m) of each stem of Scots pine, Norway spruce 
and birch was calculated using second-degree polynomial 
functions with DBH as the independent variable. These func-
tions were obtained from fitting of averaged DBH class data 
(0–2 cm, 2–4 cm, etc.) from Marklund (1988), with h = 1.3 m as 
the vertical intercept (Figure 3). The height function for other 
deciduous trees (k = 4) was assumed to be the same as for birch 
(cf. e.g. Johansson (1996) for aspen).

The dry matter content in each stem was estimated using 
the biomass functions of Repola and Ahnlund Ulvcrona (2014) 
with DBH and h as independent variables. For other deciduous 

trees (category 4), the biomass functions of Johansson (1999) 
were used with DBH as the only independent variable.

The preliminary coordinates of a specific stem i (xi,yi) were 
determined in a Cartesian coordinate system, using uniform 
random distributions with constant probabilities between the 
endpoints of the stand surface. For a rectangular surface, for 
example, the surface can be delimited by the coordinates (xmin, 
ymin), (xmin,ymax), (xmax,ymax) and (xmax,ymin). A third random 
number ui was also generated from a uniform distribution 
(ui∈Unif(0,1)) as a test number (Pretzsch 1997). If ui ≤ Z(xi, 
yi), the position (xi,yi) of the stem was approved preliminarily. 
The function Z(xi,yi) is a continuous probability distribution 
(0 ≤ Z(xi,yi) ≤ 1) describing the probabilities of trees being 
located in e.g. clusters and strips (Pretzsch 1997). If ui > Z(xi, 
yi), new sets of position parameters {xi,yi,ui} are generated until 
ui ≤ Z(xi,yi).

If the stems are to be distributed within a strip-shaped 
surface (ZS(xi,yi)), the following expression (Equation 4) can 
be used (Pretzsch 1997) 

where α (rad) is the angle between the longitudinal direction of 
the stand and the y-axis, (XM,YM) describes the location of the 
center point of the stand, and E is an intensity factor determin-
ing strip width (Pretzsch 1997). Visual examples of strip-shaped 
stands using Equation 4 are shown in Nilsson et al. (2020). For 
simplification, a continuous probability distribution without 

h1 = -0.0033DBH2 + 0.7412DBH + 1.3
(R² = 0.99)
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Figure 3. Height of scots pine (upper left), Norway spruce (upper right) and birch (lower) trees with DBH as independent variable. The markers indicate the arithmetic 
mean in each DBH class (0–2 cm, 2–4 cm, etc.), the bars indicate minimum and maximum values observed (total number of observations n = 396, n = 469 and n = 233, 
respectively) and the values of R2 refer to the curve fitting of arithmetic means (data from Marklund 1988).
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variations in the y-direction (depth of the stand) can be used in 
practice, based on data from sample areas (Nilsson et al. 2020).

Studies on the distance between stems of spontaneously 
grown brushwood, and its dependence on DBH under 
Swedish conditions, are lacking in the literature. Therefore, 
results from a German investigation (Pretzsch 1997) were 
used to determine the minimum stem distances allowed in 
the stand generator. Based on data from stands with totally 
around 5,000 larch and beech trees, Pretzsch (1997) suggested 
1-percentile curve-fitted equations in which the distance was 
dependent on DBH of the trees. The 1-percentile equations 
implied that 99% of the trees had a longer distance to the 
nearest neighboring tree of a specific species. These fits were 
obtained from DBH-data in the ranges 20–70 cm (larch-larch 
and larch-beech) and 5–70 cm (beech-beech). In the present 
stand generator, second-degree polynomial equations were 
fitted to Pretzsch (1997) data in order to get more reasonable 
equations when extrapolating to DBH = 0 (Figure 4). The 
resulting minimum distances allowed in the model between 
coniferous trees (Dc–c), between deciduous trees (Dd–d) and 
between coniferous and deciduous trees (Dc–d,), or vice versa 
(Dd–c) (c for k = {1,2}, d for k = {3,4}), are presented in Figure 4.

For each new tree j of species category kj, the distances d to 
trees already positioned were calculated in the stand generator. 
If the distance di–j to a neighboring tree i of species category ki 
was shorter than the minimum distance allowed, i.e. 
(Equation 5), 

new sets of position parameters {xi,yi,ui} were generated; other-
wise, the position was approved.

Harvest model

The stands were assumed to have a base station to/from which 
the machine arrives/leaves the stand. The machine then fells all 
the intended trees through a series of repositions in the area. At 

each position, the machine fells the trees within reach and 
places them in a pile and then repositions for further felling.

The model boom cycle consists of the following work ele-
ments (time consumption in parenthesis): boom out (tb.out), 
grip stem (tgrip), cut stem (tcut), move boom to next stem 
(tb.move), grip stem (tgrip), etc. until the felling head was “full” 
or there were no more trees to be cut, and boom in (tb.in) 
(Figure 5). The work element “boom out” started when the 
boom moved out after the machine had moved to a new posi-
tion or when the stems had been dropped in a pile, and ended 
when the felling head touched a new stem to be cut. The work 
element “boom in” started when the boom was moved toward 
the machine and ended when the stems in the head were 
dropped in a pile.

In order to calculate the time consumption for boom move-
ments, Eliasson (1999), followed by e.g. Sängstuvall et al. 
(2012), Jundén et al. (2013) and Berg et al. (2014), used equa-
tions of the type (Equation 6): 

where Cboom is a constant (s) and the second term the max-
imum time for radial or angular movements. Cr and Ca are 
constants (s), L (m) and a (rad) describe distances and v (m s−1) 
and ω (rad s−1) are linear and angular velocities, respectively. 
Eliasson (1999), Sängstuvall et al. (2012) and Jundén et al. 
(2013) used the following values: Cboom = 1.5 s, Cr = 0.1 s, Ca  
= 0.1 s, v = 2.5 m s−1 and ω = 0.35 rad s−1. In the present study, 
it was assumed that tb.out = 4 s (Equation 6), based on a radial 
movement with L = 6 m (on average) and Cboom = 1.5s, Cr = 0.1 
s and v = 2.5 m s−1. The average time to move the head to a new 
tree (tb.move) was also based on Equation 6 and the assumption 
that L = 1.0 m, which resulted in tb.move = 2 s. In different stu-
dies, the value of tb.in has varied from tb.in ≈ tb.out (Nilsson 2009; 
Sängstuvall et al. 2012) up to tb.in = 1,4tb.out (Edlund 2009). In 
the present study, it was assumed that tb.in = 5s. The time 
consumption for gripping and cutting a stem with area A was 
tgrip + tcut = 1 + A/800, where the first term (1s) is a constant 
(Eliasson 1999) and where 800 cm2 s−1 is the cutting speed 

Dd-d = 0.0778DBH2 + 0.3632DBH
(R² = 0.97)

Dc-d = Dd-c = 0.0321DBH2 + 0.9587DBH
(R² = 0.97)

Dc-c = -0.052DBH2 + 6.0482DBH
(R² = 0.94)
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Figure 4. Minimum distances between coniferous trees (Dc-c), coniferous and deciduous trees (Dc-d) (or vice versa (Dd-c)) and deciduous trees (Dd-d) used in the stand 
generator. The marks show the 1-percentile stem-to-stem distances of totally around 5000 larch and beech trees (data from Pretzsch (1997)).
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(Eliasson 1999; Sängstuvall et al. 2012). For simplicity, it was 
assumed that A was calculated with a radius r = DBH/2.

The harvester had a crane with an accumulating felling 
head. The maximum volume of trees in the felling head 
depends on a large number of factors such as the design and 
storage capacity of the head, the DBH, height, crown spread 
and spatial density of the trees, and the driver’s experience and 
skill. In three harvester performance studies, Iwarsson Wide 
(2009b, 2009c, 2009d) found that the average number of trees 
in each boom cycle was 4.3, 3.6 and 1.3, while the average 
values of DBH were 4.0, 6.2 and 9.9 cm, respectively. 
Multiplying the average number of trees with the average 
DBH results in 17.2, 22.3 and 12.9 cm, and calculation of the 
average cross-sectional area (at DBH) results in 54, 109 and 
100 cm2, respectively. Based on these results, it was assumed in 
the model that the head was full when the sum of the stems’ 
DBH exceeded 20 cm or when the total cross-sectional area of 
the stems (at DBH) exceeded 100 cm2.

The machine speed between harvest positions was 1.11 m 
s−1 (4 km hr−1) and the acceleration and deceleration 0.19 m 
s−2 (2500 km hr−2), which approximately correspond to the 
data used by Eliasson (1999). The distance between machine 
positions was dependent on maximum boom reach, harvest 
depth in the stand and distance to the nearest tree to be felled 
(Figure 6).

Some time (tarrange) may be needed to arrange stems in the 
pile before moving the machine. Furthermore, when clearing 
brushwood, it is often necessary to clear shrubs and thin trees 
not used for fuel purposes. The time needed for this operation 
(tclear) may differ considerably among stands (Iwarsson Wide 

2009a). In a base scenario simulated, it was assumed that tclear = 0 
and tarrange = 5 s (per pile).

In some cases there may be trees that should be left in the 
stand, e.g. due to their conservation value. Such trees, as well as 
light poles and boulders, are examples of obstructions for the 
boom movements. In the model, data on position and width of 
obstacles can be used to identify possible obstructed trees 
(Nilsson et al. (2020). The time needed to relocate the harvester 
to reach obstructed trees was assumed to correspond to the 
time of moving the machine 2 m.

Work schedules were specified in the model regarding e.g. 
daily starting and finishing time and time and duration of 
lunch. During nights, the machine was parked at the stand 
center.

In the cost calculations, the working time from the simula-
tions were recalculated from productive machine hours (PMh) 
to scheduled machine hours (SMh) with a factor of 1.53 (Kuitto 
et al. 1994). The hourly cost of the harvester was €116 and the 
relocating cost €192 per harvesting site (Nilsson et al. 2020) (an 
exchange rate of 10.4 SEK €−1 was used in the paper).

Verification and validation processes

Verification
The stand generator and the harvest model were verified by 
following the flow of entities through the so-called SIMAN 
blocks, which form the basic structure of Arena (Kelton 
et al. 2007). This was done manually and with the help of 
the tools (“watch,” “highlight active module,” etc.) available 
in Arena for different scenarios and extreme cases. In 
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Figure 5. Flowchart for harvester operations.
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addition, the models were verified by animating the simu-
lations. By studying in detail what happens during the 
simulations graphically on the screen, the models’ work 
was analyzed step by step and unintended programming 
errors were detected. After the verifications, the models 
were considered to work with sufficient reliability.

Validation
Two field studies of harvesting brushwood along roadsides 
were chosen to validate the models since relatively accurate 
data are available on both stand characteristics and harvest 
operations; the study by Iwarsson Wide (2009b) and the 
study by Edlund (2009). The validations are presented in 
detail by Nilsson et al. (2020).

In the study by Iwarsson Wide (2009b), trees were cleared 
along a roadside in Jämtland in Sweden with a Valmet 911 
equipped with a Bracke C16.a accumulating head. The length 
of the studied roadside was 240 m and the clearing depth 7 m. 
The number of trees, species, DBH and height in plots of 1.0 m 
width at every 15 m of the roadside were recorded before 
harvest (the total number of trees in these plots was 163, with 
birch as the most common species category (54%)). In the 
validation, the number of stems in each plot was used to 
construct a continuous probability distribution (Z(xi,yi)) for 
this distance (see Nilsson et al. (2020)). The total number of 
trees felled was 1174, corresponding to a tree density of 6990 
stems ha−1. As data on DBH for each stem in the plots were 
available, the Weibull-parameters for each species category 
were obtained using a curve-fitting tool in Arena.

In the field study by Edlund (2009) (reanalyzed in a recent 
paper by Fernandez-Lacruz et al. (2021)), the trees were 
felled along a forest road near Örnsköldsvik in Sweden. 
A Rottne H8 single grip harvester with a Naarva-grip 
1500–25 EH accumulating harvester head was used. The 
Weibull parameters β and α used in the stand generator 
were obtained using values of mean �x and standard deviation 
s (Edlund 2009; Nilsson et al. 2020) and a numerical solver 

(Weibullfördelningen 2020). The value of γ was set to 0 and 
a maximum value of 25 cm was used to avoid extreme DBH- 
values (the age of the stand was estimated to around 30 years 
(Edlund 2009)). Since no species-specific data were available, 
it was assumed that the coniferous trees were represented by 
Scots pine and that the deciduous trees were represented by 
birch, and that the statistical data on DBH (mean and stan-
dard deviation) were the same for these species. It was also 
assumed that there were no gaps and felling obstacles in the 
stand as no data were available. Ten replications were gen-
erated, and the replication (stand) with DBH values (mean 
and SD) closest to observed mean and SD values was used in 
the validation.

Generation of stand types

Twenty-nine stand types with a spatial length of 25 m and 
a depth of 5 m were generated (Table 1). For all stand types, 
it was assumed that they contained on average 30% pine, 5% 
spruce and 65% birch, and that the maximum DBH was 30 cm. 
It was also assumed that these stands had no harvest obstacles 
such as light poles or boulders. Each stand type was character-
ized by three parameters: average DBH, standard deviation of 
DBH, and number of stems per hectare. For each stand, 
a number of simulation replications were run with the stand 
generator until a representative stand was found with an aver-
age DBH and standard deviation within ±0.05 cm of the tar-
geted values (Table 1). The number of replications to reach the 
targeted values was dependent on the number of trees in each 
stand and varied from about 10 to 300. Mean basal area- 
weighted DBH and total dry matter content of the simulated 
stand types are presented in Table 1. The stands were visualized 
in Heureka (Figure 7).

The harvest of stems was simulated for 10 consecutive 
stands (i.e. 250 m) of each type to reduce edge effects, and 
resulting performance then divided by 10. The maximum 
value of BLx was 5.5 m (Figure 6) and the distance between 
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Figure 6. Machine and boom movements.
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harvester and stand surface a maximum of 2 m. Movements 
between machine positions and movement back to the original 
position at the stand were included in the simulations. No 
other transports were simulated. As the harvest model was 
non-stochastic, the harvest of each stand type (250 m) was 
simulated once.

Results

Validations

For the Iwarsson Wide (2009b) study, the simulated and 
observed stand characteristics were quite similar (Table 2). 
The number of machine positions and boom cycles were 
also similar. Regarding time consumption and productivity, 
the simulations showed more favorable results than were 
observed by Iwarsson Wide (2009b) (Table 2). One 

probable reason was that the share of total number of 
boom cycles with few stems was higher in the field study 
(Figure 8), although the stand was quite young with rela-
tively small DBH values. Furthermore, Iwarsson Wide 
(2009b) noted that the machine also cut stems shorter 
than breast height (DBH = 0) as there, in addition, was 
a need of clearing such vegetation. When boom cycles 
with less than three stems were omitted in the field study, 
the simulated and observed productivities were more con-
formable (Table 2).

For the Edlund (2009) study, the simulated time consump-
tion and productivity was consistent with observed values 
(Table 3), although the simulated performance was somewhat 
higher. The DM-related productivity differed, but it can be 
noted that the simulated DM values were based on Repola 
and Ahnlund Ulvcrona’s (2014) biomass model, and that the 

Table 1. Characteristics for the 29 stand types (25 m × 5 m) generated. The stands can be identified by the three parameters p1/p2/p3, where p1 is targeted average DBH 
(cm), p2 targeted standard deviation of DBH (cm) and p3 targeted number of stems in hundreds per hectare (100 ha−1.).

Stand type

Simulated representative

Number of stems DBH, average (cm) DBH, standard dev. (cm) Mean basal area-weighted DBH (cm) Total dry matter content (kg)

4.0/3.0/25 
4.0/3.0/50 
4.0/3.0/75 
4.0/3.0/100 
4.0/3.0/150 
4.0/3.0/200 
4.0/4.5/25 
4.0/4.5/50 
4.0/4.5/75 
4.0/4.5/100 
4.0/4.5/150 
4.0/4.5/200 
7.0/4.0/25 
7.0/4.0/50 
7.0/4.0/75 
7.0/4.0/100 
7.0/4.0/150 
7.0/5.0/25 
7.0/5.0/50 
7.0/5.0/75 
7.0/5.0/100 
7.0/5.0/150 
10.0/5.0/25 
10.0/5.0/50 
10.0/5.0/75 
10.0/7.0/25 
10.0/7.0/50 
10.0/7.0/75 
10.0/7.0/0.3

31 
63 
94 

125 
188 
250 
31 
63 
94 

125 
188 
250 
31 
63 
94 

125 
188 
31 
63 
94 

125 
188 
31 
63 
94 
31 
63 
94 
4

3.97 
3.97 
3.98 
3.97 
3.98 
3.98 
3.95 
4.00 
3.95 
4.00 
4.02 
3.99 
7.05 
7.00 
7.05 
6.97 
6.96 
6.98 
6.96 
6.98 
6.96 
6.98 
9.97 
9.97 
9.97 
9.95 
9.98 
9.98 
9.98

3.00 
2.99 
2.99 
2.97 
2.98 
3.02 
4.51 
4.48 
4.50 
4.52 
4.46 
4.48 
3.97 
3.95 
4.03 
3.97 
4.05 
4.97 
5.00 
5.00 
4.95 
4.98 
4.97 
4.99 
5.02 
6.96 
6.97 
7.02 
6.98

8.2 
7.9 
7.8 
8.0 
8.0 
8.2 

12.7 
14.9 
13.6 
13.6 
12.4 
13.6 
10.7 
11.0 
11.4 
11.1 
11.1 
13.6 
13.2 
13.1 
13.4 
13.4 
13.8 
14.2 
14.9 
19.1 
18.8 
18.4 
16.4

134 
275 
413 
546 
825 

1,095 
223 
432 
673 
903 

1,328 
1,727 
393 
796 

1,187 
1,558 
2,361 
453 
936 

1,404 
1,814 
2,723 
789 

1,591 
2,367 
933 

1,826 
2,876 
108

Figure 7. Visualization in Heureka of stand types 4.0/3.0/25 (left) and 7.0/4.0/150 (right), with a total dry matter content in stems and branches of 134 kg and 2361 kg, 
respectively (table 1).
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Table 2. Simulated and observed (Iwarsson Wide 2009b) stand and harvest performance data.

Stand and machine performance criteria Simulated Observed

Stand
Mean DBH (standard dev.) 4.1 (2.6) 4.1 (2.7)
Stem density (ha−1) 6990 6990
Total biomass quantity (tonnes of DM) 4.83 4.64a

Machine performance
Number of machine positions 28 29
Number of boom cycles 231 270b/221c

Time consumption
Boom out (min) 15.4 116.6b,d/103.9c,d

Grip and fell (min) 20.0
Boom movement to next stem (min) 25.2
Boom in (min)e 21.6 22.1b/18.8c

Movements (min) 7.4 4.9
Total (min) 8.9 143.6b/127.6c

Productivity (PMh ha−1) 8.9 14.2b/12.6c

Productivity (tonnes DM PMh−1) 3.2 1.9b/2.2c

aBased on measurements in the 17 study plots. 
bResults when there were at least one stem in the boom cycle. 
cResults when there were at least three stems in the boom cycle. 
dIncludes work elements “boom out,” “grip and fell” and “boom movement to next stem.” 
eIncludes work element “fix pile.”
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Table 3. Simulated and observed (Edlund 2009) performance data for clearing of 
brushwood at a roadside (150 m x 2.5 m) near Örnsköldsvik in Sweden.

Performance criteria Simulated Observed

Time consumption
Boom out (min) 7.4 9.0
Accumulation (min) 25.1 25.9
Boom in (min) 10.8 12.6
Movement (min) 4.8 4.3

Total (min) 48.0 51.8
Total (PMh ha−1) 21.3 23.0
Number of boom cycles 111 103
Quantity harvested (t DM) 3.99 4.93a/3.65bb

Machine performance (PMh t−1 DM) 0.20 0.18a/0.24b

aEstimated dry matter content of trees according to the Ulvcrona biomass model 
(Edlund 2009). 

bCalculated (weighed and oven-dried) dry matter content of harvested chips.
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observed values were based on Ulvcrona’s biomass model 
(Edlund 2009) and on weighed and oven-dried chips three 
months after felling (Edlund 2009).

Based on these two studies (Iwarsson Wide 2009b; Edlund 
2009), it was concluded that the stand generator and the harvest 
model can be considered suitable for the purpose of the study.

Performance analysis

As expected, total time required for harvesting the stand types 
varied depending on the number of stems harvested (Figure 9). 
For stands with thin and dense stems, the task “move to next 
stem” took the longest, while the task “boom in” was the most 
time-consuming for stands with thicker stems. The number of 
machine positions varied from 20 to 23 (when simulating 10 
stands in a row) and the total time for movement therefore only 
differed a little between the stand types. For the very sparse stand 

(10.0/7.0/0.3), however, “moving” accounted for more than half of 
the total time consumption (Figure 9).

The more stems of a certain diameter that a harvester head 
accumulated when cutting, the higher the simulated produc-
tivity. The average number of stems per boom cycle varied 
from 1.4 to 5.8, decreasing with higher average DBH.

The number of boom cycles varied greatly, even for stands 
with the same stem density. For the stands 7.0/4.0/150 and 7.0/ 
5.0/150 there were no boom cycles with more than six and 
seven stems, respectively, while the number of stems in each 
boom cycle was more distributed for the two stands with 
smaller stems (Figure 10). Since the number of stems in the 
boom cycles was dependent on assumptions made in the simu-
lations, a sensitivity analysis was made to analyze the influence 
of maximum accumulating volume of the head (see below).

The performance, expressed in tonnes of DM per PMh, was 
strongly dependent on DBH and density of the stems 
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(Figure 11; base scenario). At approx. 10,000 stems ha−1, how-
ever, the performance flattened out, while an increased dia-
meter of the trees was always beneficial. The very sparse stand 
(10.0/7.0/0.3) contained a large birch with DBH = 19.5 cm, but 
despite a large timber yield the performance was relatively low 
(Figure 11), partly due to that a lot of time, relatively speaking, 
was required for movements (Figure 9).

Sensitivity analyses showed that increasing the length of the 
boom by 30% increased the average performance (all stand 
types included) by 2.6%. For sparse stands (up to approx. 
5,000 stems/ha), the picture was more fragmented 

(Figure 11). This can probably be explained by random varia-
tions in stem positions, as this diversity in performance was 
more pronounced the fewer trees were in the stands (but note 
that it is a matter of single percentage points of difference). In 
general, however, longer boom reach had less importance the 
denser the stems were.

An increase in the maximum volume capacity of the har-
vester head by 30% increased performance by an average of 
5.9% (all stands included). Based on Figure 11, however, there 
were no clear correlations between increased performance and 
stem density/average (arithmetic) DBH. In simulations with 
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both 30% longer boom and 30% larger accumulating volume 
capacity, performance increased by an average of 8.8% 
(Figure 11). There were synergistic effects of these measures 
for the sparse stands (300 and 2,500 stems/ha), i.e. the perfor-
mance increase was greater when both measures were imple-
mented simultaneously compared to summing the 
performance increases for the measures separately.

Cost calculations

Felling costs differed markedly between the different types of 
stands, both with regard to cost per 25 m-piece and per har-
vested amount of DM (Figure 12). The simulations showed 
a clear relationship between cost and the number of stems felled. 
For the same stem densities, however, there was only a small 
effect of DBH where costs increased with increasing DBH.

The cost per tonne of dry matter was governed by 
a combination of tree size and number of trees felled (lowest 
cost when felling a large number of thicker stems and vice 
versa). Costs per tonne of DM were, in comparison to 25  
m-piece costs, to a smaller degree influenced by stem density. 
This effect was clear for all type stands except for stands with 
low DBH and low SD of DBH, i.e. stands with lower standing 
volume.

Average DBH had a decisive role for the costs per tonne of 
DM (Figure 12). For example, the cost for the stand 7.0/5.0/100 
was 40% lower than for the stand 4.0/4.5/100. Increasing stan-
dard deviations of DBH, while keeping the stem density and 
average DBH constant, also resulted in a lower cost per tonne 
of DM (Figure 12), following the expected pattern of a negative 
correlation between harvesting costs per tonne of DM and 
average volume of trees harvested.

Discussion

Since there is a large number of variations on the characteristics 
of a brushwood stand, a stand generator was constructed to 
enable simulation experiments on arbitrary stand configura-
tions. The stand generator in this study, however, does not 
explicitly consider hierarchical interactions such as asymmetric 
competition, i.e. that large trees influence the presence and 
growth of small trees but not vice versa (Grabarnik and Särkkä 
2009). Furthermore, the relationship between DBH and height is 
more complex (Sharma and Breidenbach 2014) than assumed in 
this study; in fact allometric factors such as height, crown length 
and crown width rather determine DBH than vice versa 
(Söderberg 1986). Having these limitations in mind, the present 
stand generator was considered to produce realistic results 
according to the purpose of the study.

To validate the harvest model, only two field studies with 
sufficient data for harvest of brushwood along roadsides were 
found. Thus, no statistical tests were carried out for deeper 
analyses. However, the verification and validation showed 
that the harvest simulation model can be considered reliable, 
although there were uncertainties considering e.g. the time 
spent for clearing of small stems that yield negligible 
amounts of fuel. In field studies, the driver’s experience, 
skill and daily state can also play an important role. 

Fernandez-Lacruz et al. (2013) refer to some studies (Kärhä 
et al. 2004; Purfürst and Erler 2011; Purfürst and Lindroos 
2011) which have shown that there can be large differences 
in productivity among drivers. Regardless of these uncertain-
ties, the developed model can be of use in comparative 
studies, where analyses of relative changes are of greater 
importance than absolute figures on performance and time 
consumption. The model can also be used to evaluate new 
harvest strategies and technologies, as input data easily can 
be changed. However, the most time-consuming part in 
simulation often is collection of reliable input data. On the 
contrary, the time to simulate the harvest of the stand types 
in this study only took about ten seconds (with no 
animation).

In this study, the work of a harvester was simulated. In such 
harvesting systems, a forwarder is needed for transport of the 
stems. In some cases the dual-purpose harwarder machine may 
be more competitive due to lower total relocation costs. In 
a study by Laitila and Väätäinen (2021), one-machine config-
urations generally had lower costs than two-machine configura-
tions when the harvested volumes were less than about 100 m3 at 
each harvesting site, otherwise two-machine configurations were 
more competitive. However, when the harvested trees were 
small (less than about 15 dm3 each), harwarders were more 
competitive also at large volumes (about 100 m3) at each site. 
In this case, the relocation cost was €174, the number of trees per 
ha was 6,000 and the forwarding distance was 250 m (Laitila and 
Väätäinen 2021). In our study, the 25 m stand with the lowest 
costs (10.0/7.0/75) (Figure 12) had an approximate volume of 
6 m3 (2.9 tonnes of DM (Table 1), assuming a density of 0.5 
tonnes of DM per m3). This indicates that a harwarder machine 
is an interesting alternative, which should be investigated in 
future simulation studies.

In the case of brushwood harvesting, it is important to consider 
indirect benefits such as increased revenues or reduced costs in the 
future. Clearing along roads will increase visibility, ensure safe 
passage for traffic and prolong the roads’ lifespan by providing 
better drainage conditions to the road banks (Fernandez-Lacruz 
et al. 2021). Careful clearing in the rural landscape also benefits 
biodiversity, although the effect is dependent on the composition 
of the surrounding landscape (Ebenhard et al. 2017; de Jong et al. 
2017). Unfortunately, the quantification and monetary valuation 
of such effects often is subject to great uncertainty, causing under-
estimations of the benefits created (Grönlund 2020). However, 
this should not be grounds for ignoring them.

The simulations of different stand types provide a data basis 
for the users of the calculation tool that has been developed in 
the project (see skogforsk.se). By combining different 25 m 
pieces and then adding user-appropriate values (hourly costs, 
relocation cost, transport distance, etc.) into the calculation tool, 
performance and costs for the case in question can be estimated. 
Lack of detailed data on the actual stand to be harvested may 
make it difficult to choose the most appropriate stand types. 
However, by starting from pictures and simple descriptions of 
the stand types (density, average DBH, etc.) (Nilsson et al. 2020), 
one should still be able to get a reasonably accurate estimation of 
how large the costs will be. Since relatively many stand types 
have been developed (in this case for roadside clearing), there are 
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also opportunities to choose different similar stand types and 
conduct a sensitivity analysis. Thus, the user of the calculation 
tool can get a sense of how performance and costs may vary in 
reality.

Conclusions

This paper presents a model which uses data that can be 
obtained relatively easily to simulate brushwood stands and 
time consumption when harvesting those stands. The valida-
tions showed that the model can produce realistic results 
according to its purpose. Thus the model can be used to 
determine whether harvesting operations will be profitable or 
not, thereby addressing a main challenge in these operations 
with often low profitability. Reducing risk of negative profit-
ability is a key factor for long-term increased brushwood 
harvest.
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