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Productivity and cost of harvesting overgrowth brushwood from roadsides and field 
edges
Juha Laitila and Kari Väätäinen

Natural Resources Institute Finland (Luke), Joensuu, Finland

ABSTRACT
Forest fuel production from overgrowth brushwood is an option when regular clearing of forest roadsides 
or edges of arable land has been neglected for some reason. The basic economic advantages of recovery 
are that the cost of harvesting can be offset by the existing clearing costs and income from the harvested 
biomass. The objectives of this study were to: 1) produce a productivity model for a machine unit that can 
continuously cut and accumulate brushwood trees during linear crane movement; 2) determine the kind 
of cases when brushwood biomass should be recovered, when the harvesting is based on a one- or two- 
machine configuration. The cost analyses were performed as a spreadsheet-based simulated treatment, 
using existing or the productivity models produced herein, and cost parameters for brushwood clearing 
and harvesting. The Risupeto feller-buncher unit studied in this study was capable of cutting and 
accumulating trees with a continuous movement that enabled the efficient harvesting of roadside and 
field-edge brushwood for fuel. The economic result in the brushwood harvesting with the harwarder and 
Risupeto forwarder configuration was strongly affected by the average volume of the brushwood trees, as 
well as harvesting removal on the site. Correspondingly, the roadside price of whole trees had a great 
impact on the potential revenue of brushwood harvesting.
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Introduction

Forest fuel production from overgrowth brushwood is an 
option when regular clearing of forest roadsides, the edges of 
arable land, power line corridors and other infrastructural 
objects has been neglected for some reason (Belbo 2011; 
Ebenhard et al. 2017; Fernandez-Lacruz 2019). Overgrowth 
brushwood, e.g. in the edge zone of arable land, shadows the 
field and reduces the harvest, and can even prevent the func-
tioning of the ditching system if the woody vegetation is not 
cleared regularly. Such brushwood consists of saplings, bushes 
and young trees of a range of deciduous plant species mixed 
with conifers (Ebenhard et al. 2017). The basic economic 
advantages of brushwood recovery are that the cost of harvest-
ing can be offset by the existing clearing costs and income from 
the harvested biomass (Iwarsson-Wide 2009a, 2009b, 2009c; 
Fernandez-Lacruz et al. 2020).

Normal forest road maintenance includes regular clearing 
of brushwood along roadsides, e.g. with rotor or chain mul-
chers, and thereby only involving cost but no revenue 
(Korpilahti 2008; Iwarsson-Wide 2011; Kiss et al. 2015; 
Kaakkurivaara 2018). Clearing cycles and management dis-
tances are derived from existing clearing technology, growing 
conditions, and species; faster growth on fertile soil requires 
more attention. If regular clearing of brushwood is neglected, 
overgrowth brushwood narrows the width of the functional 
roadway, prevents the proper drainage of the road surface, and 
can complicate use of the road e.g. timber transportation from 
forests to mills. In the worst case, overgrowth brushwood 
(diameter at 1.3-meter height over 5 cm) cannot be cleared 

by normal road maintenance machinery and instead must use 
harvesting technologies developed for small tree harvesting 
(Korpilahti 2008). In contrast to brushwood clearing, the pro-
ductivity of mechanized small tree harvesting improves with 
increasing tree size and harvest intensity (Unrau et al. 2018; 
Laitila and Väätäinen 2020).

A multi-tree handling capability is a typical feature of cur-
rent small tree harvesting heads. Many types of harvesting 
heads are currently available (e.g. Kärhä 2006; Bergström 
2009; Belbo 2011; Laitila 2012; Petty 2014; Schweier et al. 
2015; Erber et al. 2016; Spinelli et al. 2017). They can be 
classified by their cutting elements, which include disk saws, 
saw bars, and shear blades, the latter in either elliptical, guillo-
tine, or scissor-like configurations (Erber and Kühmaier 2017). 
Harvesting heads developed for small tree harvesting are 
usually applied either in a one-machine (harwarder) or two- 
machine (harvester and forwarder) configuration (Belbo 2010; 
Laitila and Asikainen 2006; Kärhä 2006; Laitila 2008; 
Rottensteiner et al. 2008; Iwarsson-Wide 2009c), and can be 
mounted on a large range of other base machines, such as 
excavators or tractors. The advantages of excavators and trac-
tors produced in high volumes include a purchase price lower 
than that of conventional forest machines such as harvesters 
and forwarders (Belbo 2011; Laitila and Väätäinen 2013; 
Malinen et al. 2016).

A harwarder is a dual-purpose machine for cutting and 
forwarding, and the harwarder head is capable of cutting, 
accumulating, and processing, as well as loading and unloading 
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harvested trees (Belbo 2010; Laitila and Asikainen 2006; Kärhä 
2006; Laitila 2008; Rottensteiner et al. 2008; Iwarsson-Wide 
2009c). The competitiveness of the forwarder equipped for 
combined use is based on the large proportion of cutting 
work in relation to forwarding and the low relocation costs 
compared to operating with the conventional harvesting sys-
tem using two machines (Kärhä 2006; Laitila 2008; Kärhä et al. 
2018).

When harvesting small diameter trees in thinnings, costs 
often exceed the potential revenues (Oikari et al. 2010; Petty 
2014). Tree volume governs the productivity in small tree 
harvesting and for each situation must identify the minimum 
tree volume that makes harvesting economical: Below such a 
size, productivity does not reach the required level, and the 
value of the harvest fails to exceed the machine’s operating cost 
(Oikari et al. 2010; Petty 2014). Belbo (2011) lists strategies for 
reducing harvesting costs in small tree harvesting:

● Improving the accumulation and packaging capacity of 
the accumulating harvesting head.

● Employing a machine system with lower capital costs 
than dedicated forest machine systems.

● Continuous felling and bunching of trees during crane 
movement

Although the harvesting technologies used in overgrowth 
brushwood harvesting can be like those used in conventional 
forestry in early thinnings, the harvesting productivity and 
costs can be expected to differ in integrated brushwood clear-
ing and harvesting due to the different operating environment. 
In conventional thinning, where the aim is to optimize the 
future production of high-value roundwood, the operator 
selects the trees to be thinned and the permanence of the 
residual stand hinders machine movements, limiting the theo-
retical accumulation capacity of the harvester head (Belbo 
2011; Petty 2014). Whereas in integrated roadside or field- 
edge brushwood clearing and harvesting, all the biomass 
from a specific area is harvested systematically, there is no 
remaining tree stand which will hamper harvesting, and the 
time spent in tree selection can be avoided.

Compared to small tree harvesting from early thinning 
(Kärhä 2006; Bergström 2009; Belbo 2011; Jylhä 2011; 
Laitila 2012; Röser 2012; Petty 2014; Windisch 2015), 
expertise in the cost-effective utilization and treatment of 
brushwood in forest roadside and field-edge sites is limited, 
and it is unclear in which cases brushwood biomass should 
be recovered (i.e. harvested for fuel), and in which it should 
be left to decay by clearing. The density and dimensions of 
brushwood, e.g. along the forest roadside and field edges, 
vary greatly, and the problem is that biomass-rich forest 
road sections are embedded in the less biomass-rich sec-
tions. In some sections of forest roadsides, there is plenty of 
tall brushwood, while others have virtually no brushwood 
that is suitable for harvesting but are excellent sections for 
clearing with normal maintenance machinery, such as rotor 
or chain mulchers (Iwarson-Wide 2011). In 2008 and 2009, 
Skogforsk conducted two case studies of brushwood har-
vesting along forest roadsides (Iwarsson-Wide 2009a, 
2009b). In their conclusions, they highlight that there is 

currently no machine on the market that can fell and 
handle both larger dimension trees and bushes in a single 
operation (Iwarsson-Wide 2011).

The objectives of this study were to: 1) define the produc-
tivity and produce a time consumption model for the inte-
grated clearing and harvesting of roadside and field-edge 
brushwood with a machine unit that can continuously cut 
and accumulate brushwood trees during the linear crane move-
ment; 2) determine the cases in which brushwood biomass 
should be recovered when the integrated clearing and harvest-
ing of brushwood is based on a one- or two-machine config-
uration at the roadside or in field-edge sites. The cost analyses 
were performed as a spreadsheet-based simulated treatment, 
using existing models or the productivity models produced 
herein, and cost parameters for the brushwood clearing and 
harvesting. The cost analyses were made from the harvesting 
entrepreneur’s perspective of whether the compensation for 
selling energy wood added to the compensation of the clearing 
costs was enough to cover the costs of integrated harvesting 
and clearing.

Materials and methods

Field study

Machinery studied
Risupeto (www.reformet.fi/risupeto/) is an accumulating har-
vesting head that is capable of continuous felling and bunching 
of brushwood trees during linear crane movement (Figure 1). 
The prototype felling head cuts standing trees with two parallel 
disk sawblades and accumulates trees in an upright position to 
the collecting chamber using rotating collecting arms. The 
spring-loaded collecting arms are attached to the two vertical 
cylinders, which rotate at the same speed as the disk sawblades 
(Figure 1). When the collecting chamber of the felling head is 
full, the accumulated tree bunch is moved to the pile and 
dropped out. The unloading of the tree bunch is done by tilting 
the felling head downward and rotating the disk saws and 
collecting arms in the opposite direction from that during 
cutting. The width of the hydraulically powered accumulating 
felling head is 1.0 m, and the maximum cutting diameter with 
one cut is 30 cm. The height of the accumulating felling head is 
150 cm, and it weighs 750 kg.

The studied Risupeto accumulating felling head was 
attached with a tilt rotator to the boom tip of the medium- 
sized New Holland Kobelco E 200 SR crawler excavator (20.4 
tonnes, 92 kW), providing a total reach of 10 meters. The 
rotation speed of the disk sawblades, which were made of 
high-strength wear-resistant steel, was 990 rotations per min-
ute. The base machine’s hydraulic oil flow and pressure were 
300 l/min and 270 bar. The operator was skillful, with 20 years’ 
work experience of driving excavators and forest machines. In 
addition, he was the inventor and developer of the Risupeto 
accumulating harvester head, with two years’ harvesting work 
experience using the prototype device.

Time study plots and brushwood measurements
Time studies were carried out on an abandoned farming site in 
Iitti, Southeast Finland (61°02ʹN 26°12ʹE). The ditches 
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alongside the road and field had been excavated for the last 
time in the late 1980s and clearing of field-edge and roadside 
brushwood had been done randomly or completely neglected. 
Alongside the forest road and field-edge 17 time study plots 
were established for the Risupeto disk saw feller-buncher unit. 
In establishing the time study plots, the aim was that the 
number and volume of trees should be varied between the 
plots. The length of the rectangular time study plots was 
25 m, and the widths equaled the measured work path, which 
was an average of 3.0 m wide. The boundaries of the time study 
plots alongside the forest road and field edge were marked by 
marking paints and ribbons.

The initial data from the time study plots were based on 
stump diameter measurements by tree species, which were 
carried out after the harvesting and clearing of brushwood. 
For the time study plots, two rectangular (5 m long and 3 m 
wide) sample plots were established that were systematically 
located 5 m from the beginning and end of the time study plot. 
The coverage of the sample plot measurements was 40% of the 
total time study plot area. At the sample plots, the stump 
diameter was measured at a height of 10 cm from the ground 
to an accuracy of 1 mm, while the tree species was determined 
visually.

The stump diameter data by tree species were complemen-
ted by sample tree data, which consisted of measured informa-
tion concerning tree height, DBH (diameter at a height of 
1.3 m), and diameter at the stump height (10 cm from the 
ground). The accuracy of the tree height measurements was 
10 cm, and the diameters were measured to an accuracy of 
1 mm. The randomly selected sample trees were measured 
when establishing the time study plots before the beginning 
of the time studies. The aim was to get comprehensive 

measurement data for modeling brushwood tree height and 
DBH. There were a total of 88 sample trees from all the time 
study plots. The height of the measured sample trees varied 
between 2.5 and 13.4 m, and the DBH varied between 10 and 
214 mm. The average height and DBH of the sample trees were 
6.8 m, with a standard deviation (SD) of 3.0 m and 72 mm (SD 
45). The stump diameter of the sample trees varied between 15 
and 243 mm, and the average stump diameter of the sample 
trees was 92 mm (SD 52).

The measured sample tree data were combined as a data 
matrix, and common regression models were derived for 
brushwood tree height and DBH on that basis, in which the 
stump diameter was the independent variable. The derived 
regression models, with the biomass models of Repola et al. 
(2007) for conifers and deciduous trees, were used to describe 
the brushwood properties and dimensions in the time study 
plots (17) before harvesting and clearing. The regression mod-
els for brushwood tree height and DBH, as well as the statistical 
characteristics of regression models, are detailed in Table 1. 
The estimated share of tree species from the total cutting 
removal was 9% for Scots pine (Pinus sylvestris L), 14% for 
Norway spruce (Picea abies L), 16% for Downy birch (Betula 
pubescens Ehrh.), and 61% for other broadleaved tree species 
such as aspen, alder, rowan, and willow.

Table 1. The statistical characteristics of regression models 
for brushwood tree height and DBH, in which the stump 
diameter (x1) is the independent variable.

Time study
The time study of the Risupeto disk saw feller-buncher unit 
was conducted between 17 and 18 September 2019, and the 
brushwood was harvested but not delimbed. The harvested 

Figure 1. The integrated harvesting and clearing of brushwood were done with the Risupeto disk saw feller-buncher unit in the study. The Risupeto accumulating felling 
head was attached to the boom tip of the medium-sized New Holland Kobelco E 200 SR crawler excavator.
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brushwood was weighed during unloading by the Valmet 860.1 
forwarder loader equipped with an Epec LoadOptimizer crane 
scale with an accuracy of 2 kg. The weighed biomass was 
converted to m3 (solid) based on the relative proportions of 
tree species on the time study plot. The relative proportion of 
tree species on the time study plot were based on the above- 
mentioned stumps diameter measurements, regression models 
for height and DBH (Table 1) and the biomass models of 
Repola et al. (2007). The number of forwarder loads weighed 
was the same as the number of time study plots. The weighed 
cutting removal from time study plots was converted to m3 

with tree species distribution specific green density (kg m−3) 
values produced by the Finnish Forest Research Institute 
(Ministry of Agriculture and Forestry 2010; Lindblad et al. 
2010). The average green density was 862 kg m−3 (SD 55) in 
the time study plots.

The respective values for the total number of brushwood 
trees harvested and volume were 1,179 and 21.9 m3 during the 
time study. The average volume of the harvested trees varied 
between 6 and 54 dm3, the harvesting intensity was 0.6 to 1.4 
harvested trees per m2 (5,600–14,400 trees per hectare, ha), and 
the harvesting removal was 0.39–3.26 m3 in the time study 
plots (52–434 m3 per ha). The volume of brushwood trees 
harvested (dm3) in a time study plot was calculated by dividing 
the volume harvested (m3) by the number of trees harvested. 
The number of trees harvested was obtained from the time 
study, in which the number of trees in each felling head bunch 
during cutting was observed and recorded (Table 2). The 
average stump diameter was 41 mm (SD 21), and it varied 
between 21 and 97 mm in the time study plots. Based on the 
stump diameter measurements, the estimated average height of 
trees per time study plot ranged from 3.3 to 7.0 m.

A single researcher was responsible for collecting all the 
time study material, using a Rufco-900 handheld field compu-
ter. The recording accuracy of the field computer was 0.6 sec-
onds. The working time was recorded through the application 
of a continuous timing method wherein a clock ran continu-
ously, and the times for different phases were separated from 
each other under distinct numeric codes (Harstela 1991; 
Magagnotti et al. 2013). During the recording, the cutting 
functions had the highest priority, followed by the moving 
and arrangement elements. The time for the highest prioritized 
work element was recorded if multiple work elements were 
performed simultaneously. Auxiliary time use (e.g. planning of 
work and preparations) was included in the work phases in 
which it was observed. Productive machine (PM) time, the 
working time excluding all delays (IUFRO 1995), was divided 
into the work phases listed in Table 2.

Data analysis
In the modeling of the integrated harvesting and clearing of 
brushwood with the Risupeto disk saw feller-buncher, the 
recorded plot-wise time study data and the measured harvested 
brushwood volumes were combined as a data matrix. The time 
consumption of working elements––positioning to cut, accu-
mulating felling, and arranging the brushwood tree bunch into 
a pile––were combined for the felling-bunching time. The time 
consumption of the two main work elements (felling-bunching 
and moving) was formulated through the application of Ta
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regression analysis, in which the harvesting conditions, volume 
of harvested brushwood trees (dm3), and harvesting intensity 
(harvested brushwood trees per ha) were independent vari-
ables. The unit for the calculation of productive machine 
time consumption was seconds per harvested brushwood 
tree, and productivity was expressed in solid cubic meters per 
productive machine hour time (m3 per PMh) or hectares per 
productive machine hour time (ha per PMh).

Statistical analyses were carried out with IBM SPSS Statistics 
21.0 statistical software. Different transformations and curve 
types were tested to achieve symmetrical residuals for the 
derived regression models and ensure the statistical signifi-
cance of the coefficients.

Cost analysis

Productivity and cost parameters
In the one-machine configuration, the productivity of har-
warder logging was based on the study of Laitila and 
Väätäinen (2020), which can be considered as a preliminary 
study for this study. In the two-machine configuration, the 
productivity of felling-bunching was based on the results of 
this study, and forwarding productivity was calculated by 
means of the model by Laitila et al. (2007). The payload of 
the harwarder and the forwarder was 7.1 m3, and it was set in 
line with the work of Laitila and Väätäinen (2020). The 
productive machine hour (PMh) productivities of harwarder 
logging, felling-bunching by Risupeto, and forwarding were 
converted to operating hour productivities––also known as 
scheduled machine hour (SMh) productivity––by the coeffi-
cients of 1.3, 1.25, and 1.2 respectively (Laitila 2008). The 
calculated operating hour costs for the harvesting machinery 
are presented in the Table 3.

The average roadside price of €20.70 m−3 for whole trees 
(SD 1.5), which was the value of harvested brushwood as an 
energy wood, was based on the official price statistics of deliv-
ery sales between 2018 and 2020 in Finland (Volumes and . . . 
2020). In addition, it was assumed that nominal compensation 
was paid for the clearing work, and the compensation was 
allocated per cubic meter of brushwood cleared. The produc-
tivity of regular brushwood clearing (1.55 or 0.65 operating 
hour per cleared kilometer when the average stump diameter 
was 30 mm or 40 mm) was defined based on the study results of 
Laitila and Väätäinen (2020), and the operating hour cost of 
€68.40 for clearing machinery (excluding value-added tax, 

VAT 0%) were obtained from the recent statistics of the TTS 
Institute (Palva 2019). Based on the parameters described 
above, the clearing cost for brushwood harvesting was €0.04 
or €0.10 per harvesting work path meter. The width of the 
harvesting work path was 3 m, and the clearing compensation 
per volume of harvested brushwood (m3) thus depended on 
harvesting removal from the 1 m x 3 m area (=brushwood 
concentration, m3 per harvesting path m). In the cost analyses, 
the roadside price of whole trees or clearing compensation 
were compared to the harvesting cost of brushwood as a func-
tion of brushwood tree volume, forwarding distance, harvest-
ing removal, and harvesting site size.

The operating hour cost calculations
The hourly costs (excluding value-added tax, VAT) of the 
harvesting machinery were calculated by the common 
machine cost calculation method (Ackerman et al. 2014), 
and costs were presented in euros per operating hour 
(Table 3). The costs included both time-dependent costs 
(e.g. capital depreciation, interest expenses, labor costs, 
insurance fees, and administration expenses) and variable 
operating expenses (e.g. fuel, repair, service, and machine 
relocations). In addition to the annual total cost, 5% was 
added to take the entrepreneurship risk and profit margin 
into account (Table 3).

The acquisition prices of the harvesting machinery were 
based on the prices given by machine vendors (VAT 0%). 
The calculation values for labor costs, relocation costs, fuel, 
insurance fees, repairs, and service expenses were obtained 
from forest machine entrepreneurs. The depreciation period 
for the base machines was 5.5 years, and for the equipment, 
3.2 years. The salvage value was 25% of the purchase price 
of base machines and equipment. An interest rate of 3.0% 
was applied, and the annual operating hours for the har-
vesting machinery were 2,200 hours. The degree of machine 
utilization was 85% for the excavator equipped with 
Risupeto, 87.5% for the harwarder, and 90% for the for-
warder. The relocation cost per one machine relocation was 
€174 per harvesting site. Wages were €16 h−1 for the har-
warder and Risupeto operators, and €14 h−1 for the for-
warder operator, with additional indirect wage costs of 
57%. With the above figures factored in, the calculated 
operating hour cost for the harwarder was €98.40, €86 for 
the excavator equipped with Risupeto accumulating felling 
head, and €77.70 for the forwarder (Table 3).

Table 2. Work elements with detailed definitions of the integrated harvesting and clearing of brushwood with the Risupeto disk saw feller-buncher unit in the study.

Work element Definition of the work element

Moving between working locations Begins when the excavator starts to move (heavy-duty tracks turning) and ends when the excavator stops moving to perform 
another activity at the working location, e.g. positioning to cut.

Positioning to cut Begins when the boom starts to swing toward the first brushwood tree and ends when the felling cut at stump height begins. 
With tall trees (higher than 8 m), the felling head is first placed halfway up the tree to be felled. The special way of working 
with tall trees described above is separated by a sub-code during the time study.

Accumulating the felling Begins when the continuous felling cut starts (either at the stump height or halfway up the tree) and ends when the felling 
head is full, and the accumulated tree bunch starts moving to the pile. With tall trees, the top is cut first, after which the 
felling head is moved vertically downward, and the tree is cut again at the stump height. The number of brushwood trees in 
each felling head bunch is observed and recorded. The special way of working with tall trees described above is separated by 
a sub-code during the time study.

Arranging the brushwood tree 
bunch in a pile

Begins when the last accumulating felling cut has finished and ends when the brushwood tree bunch is laid on the ground. The 
tree bunch is unloaded by tilting the felling head downward and rotating the disk saws and collecting arms in the opposite 
direction to that during cutting.
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Results

Time consumption of working elements

In the time study, moving between working locations repre-
sented 12% of the productive machine time (Figure 2) with the 
Risupeto disk saw feller-buncher unit. Positioning to cut and 
accumulating felling constituted 13% and 56% of the effective 
working time in the integrated harvesting and clearing of 
brushwood. Cross-cutting of standing trees at elevations higher 
than stump height took 1% of the effective working time, and 
arranging the brushwood tree bunches into piles, 17%.

Time consumption models for harvesting and clearing

The statistical characteristics of regression models for brush-
wood harvesting with the Risupeto disk saw feller-buncher unit 
are detailed in Table 4. Statistical criteria for accepting regres-
sion models and the variables of models was that residuals were 
linear and systematically distributed against predicted values 
and t-test p-values showed significance (p < 0.005) for each 
approved variable of the regression model.

Moving time (TMoving) depended on the number of har-
vested brushwood trees per hectare. The moving time per 
brushwood tree harvested decreased as the number of brush-
wood trees harvested per hectare increased; in such cases, it 
was possible to cut more trees from a single work location 
(Figure 3). The time consumption of moving was formulated 
as (Equation 1): 

TMoving ¼ 1:133 � 0:583x1 (1) 

where

TMoving = time moving between working locations, expressed 
in seconds per harvested brushwood tree,

and x1 = number of harvested brushwood trees per hec-
tare, ha.

The time consumption of multi-tree felling-bunching 
(TFelling-bunching), expressed in seconds per harvested brush-
wood tree, was modeled from the average volume of harvested 
brushwood tree of each study plot (Figure 4). The time con-
sumptions of felling-bunching increased when larger-sized 
brushwood trees were harvested. The time consumption of 
multi-tree felling-bunching was formulated as (Equation 2): 

TFelling� bunching ¼ 2:683þ 0:073 x2 (2) 

where
TFelling-bunching = time consumption of multi-tree felling- 

bunching, expressed in seconds per harvested brushwood tree,
and x2 = the average volume of the harvested brushwood 

trees, dm3

Total time consumption and productivity

The total time consumption of the integrated harvesting and 
clearing of roadside brushwood per harvested brushwood tree 
(TTotal) with the Risupeto disk saw feller-buncher unit was the 
sum of the two working elements (Equation 3): 

TTotal ¼ TMoving þ TFelling� bunching (3) 

The number of harvested brushwood trees per PMh was 
calculated by dividing 3,600 seconds by the total time con-
sumption of a harvested brushwood tree (TTotal). The PMh 

Table 3. Hourly cost details of the harvesting machines without value added tax (VAT 0%).

One-machine configuration Two-machine configuration

Cost parameter Harwarder Excavator equipped with Risupeto Forwarder

Purchase price of base machine, € 304,000 157,000 266,000
Salvage value, € 76,000 39,250 66,500
Lifespan, years 5.5 5.5 5.5
Purchase price of equipment, € 58,000 50,000 20,000
Salvage value, € 14,500 12,500 5,000
Lifespan, years 3.2 3.2 3.2
FIXED COSTS:
Depreciation, € a −1 55,471 33,373 41,289
Interest, € a −1 7,620 4,382 1,260
Insurance, € a −1 2,000 2,000 1,500
Administration, € a −1 6,750 6,750 6,750
LABOR COSTS:
Annual operating time, h 2,200 2,200 2,200
Annual working time, h 2,514 2,588 2,445
Degree of machine utilization, % 87.5 85.0 90.0
Average wage for a worker, € h−1 16.0 16.0 14.0
Indirect wage costs, % 57 57 57
Wage costs total, € a−1 63,152 65,013 53,730
OPERATING COSTS:
Fuel price, € l −1 0.89 0.89 0.89
Fuel cost, € a−1 25,371 25,371 23,419
Oil and lubricant cost, € a −1 1,313 1,313 1,313
Service and maintenance cost, € a −1 30,765 26,329 17,742
Relocation cost, € per site 174 174 174
Relocation and travel costs, € a −1 13,710 15,710 15,710
Risk and profit margin, € a −1 10,308 9,012 8,136
TOTAL COSTS: 216,459 189,254 170,850
Operating hour cost, € (Value-added tax 0%) 98.4 86.0 77.7
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productivity, expressed as the number of brushwood trees 
harvested per PMh, was converted to m3 by multiplying the 
number of harvested trees by the average volume of the har-
vested brushwood trees (x2). The clearing productivity, 
expressed as hectares per PMh, was calculated based on tree- 
wise time consumption and the number of harvested brush-
wood trees per hectare.

Harvesting productivity was more sensitive to the average 
volume of harvested brushwood trees than to the number of 
harvested trees per hectare (Figure 5). While the average 
volume of brushwood trees doubled, from 20 to 40 dm3, har-
vesting productivity increased by 55%, from 14.4 to 22.3 m3 

PMh−1, with a harvesting intensity of 5,000 brushwood trees 
per hectare. The respective productivities were 15.3 and 

23.4 m3 PMh−1, with a harvesting intensity of 10,000 harvested 
trees per hectare. Alternatively, when analyzing clearing pro-
ductivity as in ha PMh−1, the effect of the average brushwood 
tree volume and number of harvested brushwood trees per 
hectare were the opposite of harvesting productivity: The larger 
the average brushwood tree volume and number of harvested 
trees per hectare were, the lower was the clearing productivity 
(Figure 6).

Harvesting cost of brushwood

The volume of brushwood trees and harvesting removal had a 
major impact on harvesting costs with the one-machine and 
two-machine configurations. The two-machine configuration 

Figure 2. Average proportion of various working elements in the integrated harvesting and clearing of brushwood with Risupeto disk saw feller-buncher unit. .

Figure 3. The time consumption of moving between working locations with the excavator-based Risupeto disk saw feller-buncher unit as a function of brushwood trees 
harvested per hectare.
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had the lowest harvesting costs when the cutting removal was 
6,000 brushwood trees per hectare, the volume of harvested 
brushwood trees was 15–45 dm3, and the forwarding distance 
was 250 m (Figure 7). The total harvesting costs at the roadside 
landing were in the range of €11.30–€18.80 per m3, and of this, 
the cost of felling-bunching constituted €4.66–€9.40 per m3 

and forwarding €6.64–€9.30 per m3. With the harwarder (one- 
machine configuration), the harvesting costs at the roadside 
landing were €13.35–€20.10 per m3 respectively (Figure 7).

Harvesting costs of brushwood were generally below the 
average roadside price of whole trees (Figure 8) when the 
density of cutting removal was 6,000 or 12,000 brushwood 
trees per hectare, and the forwarding distance was 250 m. In 
such conditions, harvesting costs exceeded the potential rev-
enues only with the smallest (Figure 8) harvesting removals of 
brushwood trees (brushwood tree volume <13 dm3). The cost 
competitiveness of brushwood harvesting changed somewhat 
when the cost analysis was done by the forwarding distance 
(Figure 9). In the cost analysis, the density of cutting removal 
was 6,000 brushwood trees per hectare, and the volume of 
harvested brushwood trees was 15 dm3 or 30 dm3.

With the harwarder system, the harvesting costs exceeded the 
potential revenues when the forwarding distance was more than 
350 m, and the brushwood tree volume was 15 dm3. With the 
two-machine configuration, the harvesting costs exceeded the 
potential revenues when the forwarding distance was more than 
630 m (Figure 9). A brushwood tree volume of 30 dm3 enabled 
cost-effective harvesting, which compensated for the extended 
forwarding distance and kept harvesting costs below the average 
market price of whole trees both with the one- and two-machine 
configurations when the forwarding distance was in the range of 
30–750 m (Figure 9).

At small harvesting sites, relocation costs play a major role 
in the total harvesting costs of brushwood (Figure 10). In 

Figure 7, Figure 8, and Figure 9, relocation costs are included 
in the hourly cost of the machinery (Table 3), and the harvest-
ing cost at the roadside landing (€ per m3) is thus based on the 
annual relocation cost and average harvesting site size and 
structure. In Figure 10, the effect of the relocation cost on the 
harvesting cost at the roadside landing is calculated as a func-
tion of brushwood tree volume and harvesting site size. The 
relocation cost of one machine per harvesting site was €174 
(Table 3), and the size of the harvesting site was 25 m3, 50 m3, 
and 100 m3 for the one- and two-machine configurations 
(Figure 10). Thus the machine relocation cost were in the 
range of €6.96–€1.74 per m3 for the one-machine configuration 
and €13.92–€6.96 per m3 for the two-machine configuration 
respectively. The density of cutting removal was 6,000 brush-
wood trees per hectare, and the forwarding distance was 250 m. 
The average volume of harvested brushwood trees was in the 
range of 10–55 dm3, which means that the length for the 3-m 
wide harvesting path was 1,389–253 m when the size of the 
harvesting site was 25 m3 and the brushwood concentration 
was in the range of 0.018–0.099 m3 per harvesting path m 
(Figure 11). For the 50 m3 and 100 m3 harvesting sites, the 
length of the harvesting path was double or four times that of 
the smaller sites (Figure 11).

At the smallest harvesting site (25 m3), the harvesting costs 
always exceeded the potential revenues when harvesting was 
based on a two-machine configuration (Figure 10). With a one- 
machine configuration, the harvesting costs went below the 
average roadside price of whole trees when the brushwood 
tree volume was 39 dm3. In such conditions, the length of the 
harvesting path was 356 m (Figure 11). At the 50-m3 harvesting 
site, the harvesting costs went below the average roadside price 
of whole trees when the brushwood tree volume was 22 dm3 

(one-machine configuration) or 25 dm3 (two-machine config-
uration). In such conditions, the length of the harvesting path 

Figure 4. The time consumption of multi-tree felling-bunching with the excavator-based Risupeto disk saw feller-buncher unit as a function of average volume of 
brushwood trees harvested (dm3).
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was 1,263 m or 1,111 m (Figure 11). At the 100-m3 harvesting 
site, the harvesting costs of one- and two-machine configura-
tions were below the average roadside price of whole trees 
when the brushwood tree volume was 16 dm3. In such condi-
tions, the length of the harvesting path was 3,472 m (Figure 11).

Figure 12 presents the effect of clearing compensation on the 
revenue of brushwood harvesting as a function of harvesting 
removal. The clearing compensation, €0.04 or €0.10 per harvest-
ing path m, was allocated per cubic meter of brushwood cleared, 
and it was added to the average roadside price of whole trees 
(Figure 12). The clearing compensation was €5.57–€1.01 and 
€2.35–€0.43 per m3 when the volume of brushwood trees was in 
the range of 10–55 dm3, the density of cutting removal was 6,000 
brushwood trees per hectare (Figure 12) and the brushwood 
concentration was in the range of 0.018–0.099 m3 per harvesting 
path m . Except for compensation for clearing work, the calcula-
tion parameters were otherwise the same as in Figure 10.

With a two-machine configuration, the harvesting costs 
exceeded the potential revenues even though clearing compen-
sation was considered when the size of the harvesting site was 
25 m3 (Figure 12). With a one-machine configuration, the 
break-even point shifted from a brushwood tree volume of 
39 dm3 to 36 dm3 when the clearing compensation was €0.04 
per m, and to 29 dm3 when the clearing compensation was 
€0.10 per m (Figure 11). At the 50-m3 harvesting site, the 
break-even point shifted from 25 dm3 to 23 dm3 and 17 dm3 

when the harvesting was based on a two-machine configura-
tion, and the clearing compensation was €0.04 or €0.10 per m. 
With a one-machine configuration, the break-even point 
shifted from 22 dm3 to 19 dm3 and below 10 dm3 respectively 
(Figure 12). At the 100-m3 harvesting site, the break-even point 
of two-machine configuration shifted from 16 dm3 to 14 dm3 

and 11 dm3 when the clearing compensation was considered. 
With a one-machine configuration, the break-even point 
shifted from a brushwood tree volume of 16 dm3 to 12 dm3 

when the clearing compensation was €0.04 per m, and below 
10 dm3 when the clearing compensation was €0.10 per m 
(Figure 12).

Discussion

The trial was carried out using the first prototype of the 
Risupeto accumulating felling head, which was attached to 
the boom tip of the secondhand crawler excavator in the 
study. The disk saw feller-buncher unit operated without any 
unnecessary breakdown delays, and the quality of work was 
good. Brushwood was cleared properly and contaminants, e.g. 
roots and soil in the harvested brushwood, were excluded. The 
results of our study are based on relatively limited time study 
data, which is natural when new devices or methods are being 
evaluated and tested. The productivity observed during the 
field study was based on the output of one machine operator 
and one site and does not therefore represent the full produc-
tivity range. Nevertheless, the reported results can be used as a 
basis for cost calculations and simulations for the integrated 
clearing and harvesting of roadside and field-edge brushwood.

In this study, a static spreadsheet-based calculation 
approach was applied, which meant that the normal fluctuation 
of interactions in felling-bunching and forwarding were not Ta
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considered. There may be an imbalance between the produc-
tivities of feller-bunchers and forwarders in brushwood har-
vesting, and this may result in increased harvesting costs due to 
long waiting times for the forwarder. However, a feasible and 
economic way of operation with such a machine combination 
would be to cut and finish the working site before the forwar-
der is relocated to the site. The statistical model does not take 
random impacts into consideration and therefore yields more 
optimistic results than a dynamic simulation model. However, 
systems such as the two-machine configuration, whose indivi-
dual operations are independent of each other, are more pre-
dictable. Overgrown and dilapidated forest roads 

understandably have little traffic, which reduces the proportion 
of random interruptions accordingly.

Felling-bunching productivity figures were relatively high 
compared to the current Nordic harvesting technology in 
short-rotation forestry (Jylhä and Bergström 2016) or harvest-
ing power line corridors for energy (Fernandez-Lacruz et al. 
2013). In a naturally afforested dense downy birch-dominated 
stand (Jylhä and Bergström 2016), the productivity of whole 
tree cutting with an average tree volume of approximately 
6–56 dm3 was 12–23 m3 per PMh. In the study by 
Fernandez-Lacruz et al. (2013), the average whole tree volume 
ranged between 1.4 and 5.3 dm3, and the productivity was 2.6– 

Figure 5. The harvesting productivity of brushwood with the Risupeto disk saw feller-buncher unit as a function of the average volume of harvested 
brushwood trees.

Figure 6. The clearing productivity of brushwood with the Risupeto disk saw feller-buncher unit as a function of harvested brushwood trees per hectare and average 
volume of harvested brushwood trees.
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6.0 m3 per PMh. In both studies, clear cutting was done with a 
medium-sized harvester, equipped with an accumulating fell-
ing head fitted with a circular saw disk. The width of the work 
path was an average of 20 or 10 m, considerably wider than in 
this study.

In 2009, a study of brushwood harvesting along forest road-
sides (Iwarsson-Wide 2009b) was conducted in which the 

felling-bunching was done with similar machinery as in the 
studies of Fernandez-Lacruz et al. (2013) and Jylhä and 
Bergström (2016). At the study site, the width of the work 
path was 4.5 m, the average height and DBH of trees were 
5.5 m and 4 cm, and the cutting removal was 39 tonnes dry 
matter (oven-dry tonne of forest biomass) and 7,000 trees per 
hectare. The average felling-bunching productivity was 2.6 

Figure 7. The effect of brushwood tree volume (dm3) on the harvesting cost at the roadside landing with the one-machine and two-machine configurations by work 
phases when the cutting removal is 6,000 brushwood trees per hectare, and the forwarding distance is 250 m.

Figure 8. The effect of brushwood tree volume (dm3) on the harvesting cost at the roadside landing with the one-machine and two-machine configurations when the 
density of cutting removal is 6,000 or 12,000 brushwood trees per hectare, and the forwarding distance is 250 m. The average market price of whole trees is presented 
for reference.
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tonnes dry matter per PMh or 5.2 m3 per PMh (assuming a 
basic density of 497 kg per m3), which is lower than the 
productivity figures in our study.

In the study of Fernandez-Lacruz et al. (2020), the felling- 
bunching productivity of roadside brushwood was 3.4–10.5 m3 

per PMh (assuming a basic density of 497 kg per m3), and it 
was in line with the results of Iwarsson-Wide (2009b), despite 
the different cutting technology. The productivity data of 
Fernandez-Lacruz et al. (2020) were originally from 2008, 
and the time study was done at a site where the width of the 
work path was 2.5 m, and the average height of trees was in the 
range of 3.9–9.5 m in the time study plots. The studied 

accumulating felling head was equipped with guillotine cutting, 
and it was attached to a standard harvester during the time 
studies (Fernandez-Lacruz et al. 2020). Compared with con-
ventional small-diameter tree harvesting in early thinnings 
(Kärhä 2006, 2011; Laitila and Väätäinen 2013; Laitila et al. 
2016), the observed felling-bunching efficiency in our study 
was also remarkably higher.

Disk sawblades made of wear-resistant steel seem an appro-
priate choice for work in tough conditions on forest roads or at 
field edges with lots of stones or other objects in the soil and 
vegetation. In addition, the semi-sharp disk sawblades shatter the 
cutting surface of the stump, which may prevent brushwood 

Figure 9. The effect of forwarding distance (m) on the harvesting cost at the roadside landing with the one-machine and two-machine configurations, when the density 
of cutting removal is 6,000 brushwood trees per hectare, and the volume of harvested brushwood trees is 15 dm3 or 30 dm3.

Figure 10. The effect of harvesting site size (m3) and brushwood tree volume (dm3) on the harvesting cost at the roadside landing with the one-machine and two- 
machine configurations when the density of cutting removal was 6,000 brushwood trees per hectare, and the forwarding distance was 250 m. The relocation cost per 
harvesting site was €174.

12 J. LAITILA AND K. VÄÄTÄINEN



coppicing and regrowth. Continuous felling and bunching 
improved cutting productivity with the Risupeto feller-buncher 
unit, and because the brushwood trees were relatively short, the 
cross-cutting of trees into forwarding lengths took place only 
occasionally in the study. It should be kept in mind that short 
brushwood lengths may also decrease the forwarding payload size.

Harvested brushwood trees were not delimbed, which 
increased harvesting removal and reduced the amount of logging 
slash within the harvesting site. Brushwood harvesting has a 
negative effect on soil fertility, especially in poor sites, and when 
leaves are also removed from the site, coppicing and regrowth 
may be reduced (Unrau et al. 2018). The disadvantages of whole 

Figure 11. The effect of harvesting site size (m3) and brushwood tree volume (dm3) to the length of harvesting path (m) when the density of cutting removal was 6,000 
brushwood trees per hectare.

Figure 12. The effect of clearing compensation on the revenue of brushwood harvesting as a function of harvesting removal. The harvesting cost at the roadside landing 
was calculated as a function of harvesting site size (m3) and brushwood tree volume (dm3). The density of cutting removal was 6,000 brushwood trees per hectare, the 
forwarding distance was 250 m, and the relocation cost was €174.
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tree harvesting are somewhat higher forwarding, chipping, and 
transportation costs than systems based on delimbed or com-
pacted wood material (Laitila and Väätäinen 2012).

Due to the narrow working path, the harvesting removal per 
meter is rather low, which increases driving distances during 
loading, as well as forwarding distances when loaded and 
empty. Forwarding distances can be shortened by increasing 
the number of roadside storages. However, many small 
storages along the road increase the covering cost of piles, as 
well as the costs for relocating machinery during chipping and 
transportation next to each pile, which can reduce the wood- 
paying capability of the energy wood procurement company 
and decrease the roadside price of whole trees.

The size of harvesting site greatly affects the harvesting costs 
of brushwood, which thus encourages the harvesting of more 
energy wood from neighboring early thinnings to the same 
storages at the same visit when harvesting roadside and field- 
edge brushwood for fuel. The harvesting potential of roadside 
and field-edge brushwood is relatively low and scattered com-
pared with conventional forestry, and it would therefore be 
interesting to determine the harvesting productivity and qual-
ity with the Risupeto disk saw feller-buncher unit in early 
thinnings as well. Due to high cutting costs, the production 
of fuel chips from small-diameter trees originating from early 
thinnings greatly depends on financial incentives in Finland 
(Oikari et al. 2010; Petty 2014), and the only way to decrease 
the operational costs is to organize the work in a new way or 
introduce novel machinery. The entrepreneur has made thin-
nings with the Risupeto disk saw feller-buncher unit in young 
stands, and practical experiences have been encouraging.

Conclusions

The Risupeto disk saw feller-buncher unit in this study was 
capable of cutting and accumulating trees with a continuous 
movement that enabled the efficient harvesting of roadside and 
field-edge brushwood for fuel. From the harvesting entrepre-
neur’s perspective, the economic result in the brushwood har-
vesting with one- and two-machine configurations was 
strongly affected by the average volume of the brushwood 
trees, as well as on-site harvesting removal. Correspondingly, 
the roadside price of whole trees had a great impact on poten-
tial brushwood-harvesting revenue. The clearing compensa-
tion per volume of harvested brushwood (m3) was rather 
nominal in this case study, and it affected the economic result 
mainly in the smaller brushwood tree volume categories, where 
the harvesting removal was low. From the forest road owner’s 
or farmer’s perspective, it is crucial that the overgrowth brush-
wood trees have value as a fuel instead of waste that may just be 
cleared from edge zones. Based on the clearing productivities 
presented in Figure 6, it can be stated that the clearing cost of 
overgrowth brushwood trees can be remarkable, and signifi-
cantly higher than an operating model in which edge-zone 
brushwood is cleared regularly as part of normal field or forest 
road maintenance.
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