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Fuel consumption of forest machinery and vehicles depends mainly on terrain
conditions, working methods, drivers’ skills, engine load under working condi-
tions, engine speed, type and technical characteristics of the machine. In tim-
ber harvesting operations, fuel consumption is significant for both, economic
(costs), and environmental issues (80-95% of exhaust emissions and soot parti-
cles are associated with fuel consumption). The objective of this study was to
compare fuel consumption in two different forwarders and to analyse two dif-
ferent measuring devices for fuel consumption. Fuel consumption was mea-
sured on a 6-wheeled Valmet 840.2 forwarder and an 8-wheeled Valmet 860.4
during roundwood and energy wood extraction in winter period. A differential
fuel flow meter and a fuel measuring probe were used for measuring fuel con-
sumption as well as a Fleet Management System (FMS) for transmitting mea-
sured data. Fuel consumption was expressed in six different ways depending
on the stage of the working cycle, time, travelled distance, load volume and
load mass. Finally, both the advantages and disadvantages of the used fuel
measuring devices were gained. The results indicated higher fuel consumption
of the smaller Valmet 840.2 forwarder due to lower soil bearing capacity and
longer extraction distances. For both forwarders, higher fuel consumption (ex-
pressed in l t-1 km-1) was observed while extracting energy wood due to its
lower overall mass.

Keywords: Forwarder, Fuel Measuring, Timber Extraction, Load, Roundwood,
Energy Wood

Introduction
Fuel  consumption  in  timber  harvesting

operations  is  of  economic  and  ecological
importance.  It  may  vary  depending  on
ground and operating conditions,  drivers’
skills,  engine load under different operat-
ing  conditions,  engine  speed,  type  and
technical characteristics of the vehicle. De-
termining the influence of certain factors is
difficult due to an interaction of individual
factors  (Vusić  et  al.  2013,  Maesano et  al.
2013).  The  driver  influences  the  fuel  con-
sumption with the way of driving, training
skills and vehicle maintenance (Nordfjell et

al. 2003, Manner et al. 2016).
The  rational  organisation  of  timber  ex-

traction consists of a series of factors that
can affect the reduction of fuel consump-
tion thus affecting the other costs of tim-
ber harvesting operations. Main factors in-
fluencing  the  reduction  of  fuel  consump-
tion are: (i) the selection of a vehicle, which
is based on its technical characteristics and
working  conditions  in  the  stand;  (ii)  the
regular maintenance of the vehicle; (iii) the
application of the appropriate technology
with a good organisation of work, a moti-
vation  of  the  driver  and  his/her  profes-
sional training.

Fuel  consumption of  machinery  is  often
expressed as energy consumption per unit
of  extracted  timber  (MJ  m-3),  fuel  con-
sumption  per  unit  of  extracted  timber  (l
m-3) or per unit of time (l h-1). However, as
the fuel consumption of timber extraction
is directly dependent on the extraction dis-
tance,  the most accurate way of express-
ing  fuel  consumption  is  per  mass  of  ex-
tracted  timber  along  with  the  extraction
distance  (l  t-1 km-1)  in  both  long-distance
truck transportation or short-distance tim-
ber  transportation from the stand to  the
landing site.

The  simplest  way  to  measure  fuel  con-
sumption of machinery and vehicles is the
volumetric  method  of  refilling  the  tank
with fuel at the end of the working opera-
tions or at the end of the working day. The

filling up of the tank is carried out by using
a measuring gauge or by using a measuring
gun for accurate measurements (Sever et
al. 1989).

Martinić  et  al.  (1992) measured the fuel
consumption  of  a  tractor  assembly  by  a
Ivasim  rotary  gauge  and  concluded,  that
the fuel consumption is the highest during
loading of logs and driving loaded vehicle,
while  the  lowest  fuel  consumption  was
during  unloading  of  logs  and  driving
empty.

Nordfjell et al. (2003) stated that fuel con-
sumption is traditionally measured by flow
meters (Rebula 1989, Sever & Horvat 1989,
Potočnik 1989) while new technologies, es-
pecially  those  based  on  CAN  (Controller
Area Network) technique, enable cheaper
and  easier  measurements  (Rieppo  &  Orn
2003). Lijewski et al. (2017) determined fuel
consumption  with  the  carbon  balance
method according to the procedure adopt-
ed by EPA, and this  method is commonly
accepted worldwide as the most accurate
method for determining fuel consumption.
In this method, the fuel consumption was
calculated  based  on the  emission  of  CO2.
Manner  et  al.  (2016) explored  data  col-
lected and presented by John Deere™ for-
warders’ conventional onboard computers
(TimberLink®).  Standard  TimberLink  data
were found to be intuitively logical; results
were consistent with the current literature
and gathering of high-resolution fuel con-

© SISEF https://iforest.sisef.org/ 125 iForest 12: 125-131

Department of Forest Engineering, Fac-
ulty of Forestry, University of Zagreb, Sve-
tošimunska 25, Zagreb (Croatia)

@@ Zdravko Pandur (zpandur@sumfak.hr)

Received: May 30, 2018 - Accepted: Dec 02, 
2018

Citation: Pandur Z, Šušnjar M, Bačić M, Đuka 
A, Lepoglavec K, Nevečerel H (2019). Fuel 
consumption comparison of two forwarders 
in lowland forests of pedunculate oak. 
iForest 12: 125-131. – doi: 10.3832/ifor2872-
011 [online 2019-02-11]

Communicated by: Enrico Marchi

Research ArticleResearch Article
doi: doi: 10.3832/ifor2872-01110.3832/ifor2872-011

vol. 12, pp. 125-131vol. 12, pp. 125-131

http://www.sisef.it/iforest/contents/?id=ifor2872-011
http://www.sisef.it/iforest/contents/?id=ifor2872-011
mailto:zpandur@sumfak.hr


Pandur Z et al. - iForest 12: 125-131

sumption data on an annual basis was pos-
sible. However, elucidating main and inter-
active effects of variables and operator be-
haviour on fuel and time consumptions is
challenging, and requires more detailed in-
formation  regarding  loads  (e.g.,  volumes
and  number  of  assortments)  as  well  as
stand  conditions  (e.g.,  gross  harvesting
density and terrain conditions).

Nordfjell et al. (2003) estimated the fuel
consumption of the unloaded forwarder in
the range of 0.23 to 0.38 litres per 100 me-
ters, while the fuel consumption of loaded
forwarder  was  10%  higher  in  comparison
with the unloaded one. Authors stated that
the average fuel  consumption of  the for-
warder is 13.3 l h-1 when working in the final
felling, or 10.5 l h-1 in the thinning. Holzleit-
ner et al. (2010) presented the results of 18
forwarders (6 models) for the period from
2004 to 2008 in the Austrian state forests
where the average fuel consumption was
11.1  l  h-1.  Rieppo & Orn (2003) stated that
average  fuel  consumption  was  10.5  l  h-1,
while  Nordfjell  et al.  (2003) reported that
61-62% of the fuel is consumed during load-
ing of timber and driving of a loaded for-
warder.  The  results  of  both  papers  were
based  on  the  average  values  of  a  large
number of forwarders where detailed anal-
yses  regarding  the  influence  of  ground
conditions  and  fuel  system  on  fuel  con-
sumption were neglected (Suvinen 2006).
Đuka et al.  (2017) gave data on the calcu-
lated  energy  consumption  of  the  for-
warder according to  Athanassiadis (2000),
who stated that in Sweden the average es-
timated  fuel  consumption  of  forwarders
was 0.935 l  m-3 (under bark) during trans-
portation of  roundwood.  Ackerman et  al.
(2017) found  that  the  fuel  consumption
was 0.38 l m-3 or 13.45 l h-1 when extracting
timber  assortments  from  pine  stands  in
South  Africa.  Lijewski  et  al.  (2017) calcu-
lated forwarder fuel consumption by mea-
suring emissions of CO2 and stated average
fuel consumption at 0.57 l m-3. The authors
also  performed  an  analysis  of  fuel  con-
sumption of each part of the working cycle
and  observed  that  the  highest  fuel  con-
sumption (as much as 53%) was generated
by  timber  loading  and  vehicle  maneuver-
ing, and the smallest fuel consumption was
during transport.  According to  Kenney et
al. (2014) average fuel consumption in for-
warders  was  11.09  l  h-1 (2.93  GPH)  in  Al-
abama  (USA),  while  Abbas  et  al.  (2014)
stated that in Michigan, it was a tad higher
at 12.11 l h-1.

Nordfjell  et  al.  (2003),  based on the re-
sults  obtained by  comprehensive  field  in-
vestigation,  provided an equation for the
calculation of the fuel consumption of the
20-  to  21-ton  forwarder  while  extracting
roundwood and pulpwood without bark in
conditions  of  good  soil  bearing  capacity
(eqn. 1):

(1)

where Q is the fuel consumption (L m-3), V

is the load volume (m3), and L is the aver-
age extraction distance (m).

Suvinen  (2006) compared  the  fuel  con-
sumption of  an unloaded and loaded for-
warder  with  different  equipment  (tires
only, chains on rear wheels and tracks on
rear bogie axle with chains on rear wheels
of  front  bogie  axle)  and  concluded  that
chains on the wheels and half-tracks signifi-
cantly increased fuel consumption in condi-
tions of good soil  bearing capacity and in
such cases it is economically justified to re-
move them.

Löfroth & Rådström (2006) pointed to a
reduction of forwarder’s fuel consumption
during  primary  timber  transport  in  Swe-
den,  where  fuel  consumption  decreased
from 2.5 l m-3 to 1.7 l m-3 between 1985 and
2005. According to the authors, this reduc-
tion was attributed to the cooperation be-
tween  machine  manufacturers,  machine
users and researchers. As future guidelines
for  reducing  fuel  consumption  authors
highlighted: (i) the application of more effi-
cient diesel engines; (ii) the increase in the
efficiency of the hydraulic systems with ef-
ficiency  below 60%;  (iii)  the incorporation
of  the CTI  (Central  Tire Inflation)  system;
(iv) energy recovery from lowering individ-
ual  hydraulic  crane  boom  due to  gravity;
(v)  optimization  of  export  trail  network;
(vi) marking of logs in the forest with GPS
devices; and (vii) further development and
improvement  of  an  electric-hybrid  for-
warder.

Beneficial effect of the CTI system on fuel
consumption and soil damage was already
given by  Munro & MacCulloch (2008) and
Ghaffariyan (2017).

Forwarder  with  an  electric-hybrid  trans-
mission, compared to the standard hydro-
static-mechanical transmission has a lower
fuel consumption up from 20% to 50% and a
lower mass because of a simpler transmis-
sion system without a bogie axle. Its mass
is  9,500  kg,  while  its  carrying  capacity  is
12,000  kg  (Löfroth  et  al.  2007,  Spinelli
2011).

It  is  known that  in the near future sub-
stantial reductions in greenhouse gas emis-
sions from transportation will be required.
This  study aims to compare the fuel  con-
sumption in two different forwarder mod-
els  during  extraction  of  roundwood  and
energy wood in the lowland stands of pe-
dunculate oak in order to assess the impact
of changes in different vehicles, loads and
stand conditions on transportation energy
consumption.

Materials and methods

Stand characteristics
The study was conducted in the compart-

ments 143a (45° 03′ 52.2″ N, 18° 53′ 35.4″ E)
and 64f (44° 57′ 11.6″ N, 19° 02′ 56.2″ E), For-
est  Administration  Vinkovci,  lowland  part
of  Croatia.  The  research  was  carried  out
during seed and final cut in the stands of
pedunculate  oak  and  narrow-leafed  ash.
Age of the stand in the sub-compartment

143a was 134 years, and a total of 249 trees
were marked for the seed cut comprising
to the volume of 537 m3. Average length of
the assortments was 3.71 m with average
volume of 0.47 m3. Age of the stand in the
sub-compartment 64f was 140 years, and a
total of 203 trees were marked for the final
cut  comprising to  the  volume of  1221  m3.
Average  length  of  the  assortments  was
3.43  m  with  average  volume  of  0.80  m3.
Terrain was flat with an altitude between
79-81 m. In the investigated departments,
felling  and  processing were made with  a
chainsaw.  Forest  residues  were  trans-
ported  by  forwarders,  which  means  that
the transport  of  energy wood took place
after the transportation of the roundwood.
Felling  and  extracting  were  time-sepa-
rated. The timber was processed by a buck-
to-quality method according to the current
standards,  while  the  crowns  were  cut  as
needed for easier loading and transporta-
tion of energy wood. During the extraction
of roundwood by Valmet 840.2 forwarder,
the ground was covered with a 10 cm thick
snow cover that was melting on a daily ba-
sis. The snow has completely melted until
the  last  day  of  the  extraction  of  energy
wood (measured soil  cone index -  CI was
0.85 MPa). During the extraction of round-
wood and energy wood by Valmet 860.4®

forwarder, the ground was dry with good
soil  bearing capacity  (measured soil  cone
index – CI was 1.26 MPa).

Machines and fuel consumption 
measurement

The objects  of  research were a 6-wheel
Valmet 840.2® forwarder (Fig. 1a) and an 8-
wheel  Valmet  860.4® forwarder  (Fig.  1b).
Their technical features are shown in  Tab.
1. To measure fuel consumption for the Val-
met  840.2  forwarder,  a  FFS/I® differential
flow meter device (EltraTec, Slovenia) was
installed on the fuel  supply line that sup-
plies  fuel  from the fuel  tank to the high-
pressure fuel pump on the propulsion en-
gine.  As  the pump always  provides  more
fuel  than the engine  consumes,  a  certain
amount of fuel is still returned to the tank.
To measure the exact amount of the used
fuel,  the  return  fuel  also  passes  through
the measuring device so a differential cor-
rection can be made. The advantage of this
measuring device is a precise measurement
of the fuel consumption.

For  measuring  fuel  consumption  of  Val-
met  860.4® forwarder  a  LLS  20160® fuel
measuring  probe  (Omnicomm,  Moscow,
Russia) was used in the second part of the
research.  The  measuring  probe  detects  a
sudden drop in fuel levels and uses a Fleet
Management System (FMS) with  wireless
data transmission to the machine owner.

The  FMS’s  role  is  to  record  specific  pa-
rameters on the vehicle and wireless data
transfer via GPRS or SMS through the mon-
itoring centre to the end user. The end user
has insight  into vehicle  parameters  by  in-
ternet  connection  using a  computer  or  a
mobile  phone.  The  standard  parameters
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Measurements of forwarders’ fuel consumption

that are monitored on virtually every vehi-
cle are mainly the current position of the
vehicle  (x and  y coordinates),  fuel  con-
sumption and engine rotation speed.  The
fundamental  component  of  the  FMS  is  a
mobile unit that is mounted on the vehicle
and  at  all  times  monitors  its  position  via
GPS device (navigation component), which
is its integral part. For vehicle communica-
tion with  the monitoring centre,  the  mo-
bile  unit  also had a built-in GPRS modem
that  represents  the  communication  com-
ponent of the system.

The biggest advantage of the mobile unit
is  that  it  can  be  connected  to  different
measuring transducers that can be used to
monitor the operation of the vehicle. The
measuring  transducers  that  were  con-
nected  to  the  mobile  unit  in  this  study
were  a  flow  meter  device  for  measuring
fuel  consumption  and  a  tachometer  for
measuring the speed of the propulsion en-
gine. The mobile unit was also connected
to forwarders’ computer and to one of the
solenoid valves of the hydraulic installation
through which the hydraulic crane is oper-
ated.

Data collection and analysis
In  the  data  obtained  from  the  control

centre  system  (FMS),  containing  the  fuel
consumption along with the coordinates of
the forwarders’  position,  detection of  hy-
draulic  crane  operation  and  the  engine
speed is shown in dependency of time. All
recorded  parameters  were  compared  in
the  program  package  ArcGIS® ver.  10.1
(ESRI, Redlands, CA, USA) and fixed (transi-
tion) points were determined. Fixed points
represent the shift between the individual
stages of the working cycle. Each working
cycle was divided into four basic stages: (i)
driving  unloaded;  (ii)  loading;  (iii)  driving
loaded;  and (iv)  unloading.  Based  on  the
transition  points,  fuel  consumption  was
calculated for each of the individual stage
and finally for the total  fuel consumption
of each working cycle (l cycle-1).

With the help of the transition points and
with  calculation,  a  time duration  of  each
stage of the working cycle was obtained,
which provided data for the calculation of
the total period of each working cycle and
hourly fuel consumption (l h-1).

Using ArcGIS based on the recorded coor-
dinates  of  the  position of  the forwarder,
the  length  of  the  travelled  distance  was
obtained,  and  the  fuel  consumption  was
expressed by consumed fuel per 100 m of
travelled distance (l 100 m-1).

During  the  extraction  of  the  logs,  the
data  of  identification  plates  (containing
tree  species,  volume,  assortment  type,
etc.) of the assortments were gathered on
the landing site. Identification plates were
placed on the front of every log in the for-
est stand after processing and before ex-
traction. Based on these numbers a gross
volume (over bark) of each piece of round-
wood in each working cycle of forwarders
was obtained. The length of the logs was

measured with a measuring tape, and a cal-
liper was used for measuring mid-diameter
of each log. The fuel consumption in each
working cycle of forwarders was related to
the total gross volume of logs, and based
on that fuel consumption per cubic meter
of extracted timber (l m-3) was calculated.

On the landing site, a portable measuring
platform described by Bosner et al. (2008)
and  Zorić  et  al.  (2012) was  installed  for
measuring  axle  load  of  forwarders.  For
each  working  cycle,  the  measuring  plat-
form  was  used  during  extraction  of  logs
and energy wood. The mass of the load in
each working cycle was obtained by mea-
suring  axle  load  of  empty  and  full  for-
warders. With the ratio of consumed fuel
to  load  mass  in  each  working  cycle,  fuel
consumption per ton of extracted timber (l
t-1) was obtained.

Finally it was decided that the most accu-
rate  way  to  express  fuel  consumption  is
the ratio of consumed fuel to travelled dis-
tance and the mass of the extracted timber
(l t-1 km-1).

Statistical  analysis was carried out using
the  software  package STATISTICA® ver.  8
(StatSoft Inc., Tulsa, OK, USA). To examine
significant  differences  between  two inde-
pendent  data  sets,  Student’s  t-test  was
used  with  a  level  of  5%  significance  (α =
0.05) and in the study of stochastic depen-
dence between correlated variables regres-
sion analysis was used. The selection of the
equalisation curve was carried out by the
coefficient of correlation (R), t-variable (t-
Stat), the probability value (p<0.05) and re-
gression coefficients.

Results and discussion

Valmet 840.2 fuel consumption
In the case of fuel consumption per work-

ing  cycle,  higher  consumption  was  ob-
served  during  extraction  of  roundwood
(15.61 l cycle-1) than while extracting energy
wood (14.81 l cycle-1), but according to the
t-test, there was no difference statistically
significant in consumption per working cy-
cle  between  those  two  variants  (Tab.  2).
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Fig. 1 - Forwarders (a) Valmet 840.2 and (b) Valmet 860.4 (photo: Z. Pandur).

Tab. 1 - Main technical features of researched forwarders. (*) Declared: listed in the
prospectus for the basic model; weighted: a real mass of researched forwarders with
additional equipment (bigger/stronger hydraulic crane, front pushing board, etc.).

Feature Valmet 840.2 Valmet 860.4

Drive equation 6 x 6 8 x 8
Mass (kg) – declared/weighted * 13,800 /16,100 16,060 /18,750
Load carrying capacity (kg) 11,000 14,000
Length (mm) 9,007 9,920
Width (mm) 2,640 2,760
Height (mm) 3,800 3,906
Ground clearance (mm) 680 680
Engine type Valmet 620 DWRE Sisu Diesel 66 CTA
Power (kW) at 2,200 rpm 124 145
Euro emission standard Euro 2 Euro 3A
Torque (Nm) 670 Nm at 1,400 rpm 800 Nm at 1,500 rpm
Transmission Hydrostatic-mechanical Hydrostatic-mechanical
Length of bunk area (mm) 4,200 4,400
Hydraulic crane type CRF 7 CRF 14
Maximum crane reach (m) 9.1 7.5
Tires: front 600/65 x 34 600/55 x 26.5
Tires: rear 600/55 x 26.5 600/55 x 26.5
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Regarding  fuel  consumption  per  distance
of 100 m, there was also no significant dif-
ference between the consumption during
extraction  of  roundwood  and  energy
wood.  However,  fuel  consumption  was
higher  during  extraction  of  roundwood
(0.69 l 100 m-1) in comparison with extrac-
tion of energy wood (0.66 l 100 m-1). Also
when  calculated  per  hour,  fuel  consump-
tion  was  higher  while  extracting  round-
wood (17.36 l h-1) rather than energy wood
(15.17  l  h-1),  differences  were also  statisti-
cally significant.

The reason for the higher fuel consump-
tion  during extracting of  roundwood can
be attributed to the higher mass loadable
due to a higher bulk  density  of  the load,

which averaged in  12,317  kg  and which is
statistically  different  from  the  average
mass of energy wood (8,468 kg). Though,
the extraction differences in distances for
roundwood  (2,272  m)  and  energy  wood
(2,335 m) were not statistically significant.

The fuel consumption per metric tons of
transported load was higher when extract-
ing energy wood (1.74 l t-1) and significantly
differed from fuel  consumption when ex-
tracting roundwood (1.29 l t-1). The reason
for the higher fuel consumption during ex-
traction of energy wood expressed in this
way was the lower average mass of energy
wood  load  compared  to  loads  of  round-
wood.

The fuel  consumption per  gross  volume

of  the  load  when  extracting  roundwood
was 1.18  l  m-3.  According to the fuel  con-
sumption expressed in l t-1 km-1, the value of
0.56  l t-1 km-1 while extracting roundwood
was achieved, while the fuel consumption
during extraction of energy wood was 0.78
l t-1 km-1. The difference between these two
values was statistically significant.

The increasing trend is the same while ex-
tracting  both  roundwood  and  energy
wood, but the amount of fuel consumption
is  higher  when it  comes to  energy wood
extraction  because  of  the  reduced  load
mass (Fig. 2). No dependence between fuel
consumption and extraction distance was
obtained.

The biggest share in forwarders’ fuel con-
sumption was while driving unloaded (Tab.
3).  In  both  stages  of  the  working  cycle,
time  duration  was  the  same  (driving  un-
loaded: 16.8% and 17.8% for roundwood and
energy wood, respectively; driving loaded:
19.5% and 20.9% for roundwood and energy
wood,  respectively).  Shares  of  fuel  con-
sumption  in  these  stages  were  similar  as
well as the shares of travelled distance, to-
gether  comprising  over  80%  of  the  total
travelled  distance  in  an  average  working
cycle.  In  this  case,  the  travelled  distance
had a greater impact on the total fuel con-
sumption  than  the  time  duration  of  the
working cycle stages.

In the case of a loading stage, the share
of fuel consumption while loading energy
wood (27.2%) was higher than while load-
ing  roundwood  (17.2%).  While  loading  en-
ergy  wood,  timeshare  was  also  higher
(42.3%) compared to time used for loading
roundwood  (29%).  The  reason  for  the
higher  fuel  consumption and the amount
of  time during  loading  energy  wood was
the  higher  number  of  solenoid  valve  en-
gagements for the displacement of the hy-
draulic crane (163) and the higher workload
of the hydraulic crane compared to loading
roundwood where on average 99 engage-
ments were detected (the crane was con-
trolled  via solenoid  valve and through its
activity  the  activity  of  the  crane  was  de-
tected). The reason for the increased num-
ber of hydraulic crane engagements during
unloading  roundwood  was  of  organisa-
tional nature,  i.e., logs were subsequently
measured at the landing site to confirm the
measures  previously  taken  in  the  stand.
Thus, it can be assumed that the number of
hydraulic  crane  engagements  (163)  was
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Tab. 2 - Fuel consumption of Valmet 840.2 and Valmet 860.4 forwarders. Values in the
same row (for each forwarder separately) marked with the same letter do not repre-
sent significant difference according to t-test (p < 0.05).

Characteristic Units
Valmet 840.2 Valmet 860.4

Roundwood Energy wood Roundwood Energy wood

Fuel consumption
- Q

l cycle-1 15.61a 14.81a 6.22a 7.09a

l 100 m-1 0.69a 0.66a 0.65a 0.64a

l h-1 17.36a 15.17b 12.13a 12.48a

l t-1 1.29a 1.74b 0.44a 0.9b

l m-³ 1.18 - 0.42 -
l t-1 km-1 0.56a 0.78b 0.45a 0.83b

Working cycles n 28 24 57 48

Load mass kg 12,317a 8,468b 14,689a 7,996b

Load volume m3 13.37 - 15.08 -

Total extraction 
distance

m 2,272a 2,235a 1,000a 1,235b

Tab. 3 - Shares of fuel consumption by stages of the working cycle of the Valmet 840.2 forwarder (Slavir, 143a).

Stage
Time share (%) Share of fuel 

consumption (%)
Share of travelled 

distance (%)
Hydraulic crane 
engagement (N)

Roundwood
Energy
wood Roundwood

Energy
wood Roundwood

Energy
wood Roundwood

Energy
wood

Driving unloaded 16.8 17.8 30.2 32.3 41.2 42.5 - -

Loading 29.0 42.3 17.2 27.2 7.7 9.8 99 163

Driving loaded 19.5 20.9 28.2 28.2 42.5 44.4 - -

Unloading 34.7 19.0 24.4 12.3 8.6 3.4 163 78

Fig. 2 -  The ratio of fuel consumption and total travelled distance with the Valmet
840.2 forwarder (Slavir, 143a). (a) Roundwood; (b) energy wood.
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Measurements of forwarders’ fuel consumption

three times higher than it would be in nor-
mal  working  circumstances,  which  would
amount to around 55 engagements. In that
case, the workload of the hydraulic crane
would  be  lower  both  during  loading  and
unloading  of  roundwood  compared  to
loading  and  unloading  of  energy  wood
(Tab. 4).

Valmet 860.4 fuel consumption
Higher fuel consumption per working cy-

cle was recorded during extraction of en-
ergy wood (7.09 l cycle-1) compared to ex-
traction of roundwood (6.22 l cycle-1 – Tab.
2). According to  t-test between these two
fuel consumptions, the difference was no
statistically  significant.  Higher  fuel  con-
sumption was determined due to the dif-
ferences  in  landing  sites’  position,  where
landing site of energy wood was more dis-
tant.  Regarding  fuel  consumption  ex-
pressed  per  travelled  distance  (l  100  m-1)
and hourly  fuel  consumption (l  h-1),  there
was no statistically significant difference.

Fuel  consumption  expressed  in  tons  of
extracted timber was lower during round-
wood  extraction  (0.44  l  t-1)  compared  to
fuel consumption during energy wood ex-
traction (0.9 l t-1) with a statistically signifi-
cant  difference.  The  reason for  this  is  al-
most  50%  lower  mass  of  average load of
energy wood (7,996 kg) compared to the
average mass of roundwood load (14,689
kg).

A similar  situation was also observed in
fuel  consumption  expressed  in  l  t-1 km-1,
where the fuel consumption while extract-
ing roundwood was almost halved (0.45 l
t-1 km-1) compared to the fuel consumption
during  energy  wood  extraction  (0.83  l  t -1

km-1)  with  a  statistically  significant  differ-
ence.

The  largest  share  of  fuel  consumption
refers to the loading stage of  both loads
together with the highest timeshares (Tab.
2).  A higher percentage of  fuel  consump-
tion  is  observed  while  loading  energy
wood (43%) compared to loading of round-
wood (33.2%).

The  share  of  travelled  distance  (driving
unloaded,  driving  loaded)  during  extrac-
tion of  energy wood differed significantly
from the share of travelled distance during
extraction of  roundwood.  The reason for
this  was  the  further  landing  site  position
for energy wood. It is interesting to note
that despite a bigger share of travelled dis-
tances while extracting energy wood (driv-

ing  loaded),  the  percentage  of  fuel  con-
sumption was lower  compared to driving
loaded  during  extracting  roundwood,
which indicates that fuel consumption is di-
rectly affected by load mass.

Significant  differences  existed  in  the
share  of  fuel  consumption  while  loading
and unloading. A higher share of fuel con-
sumption was recorded while  loading en-
ergy  wood.  This  was  due  the  large  and
curved  branches  of  old  oak  crowns  that
were difficult to load in order to maximise
the yield of the load carrying capacity. Con-
trasting  results  were  obtained  while  un-
loading.  In  case  of  unloading  the  round-
wood, the forwarder had to maneuver in
the  landing  site  to  separate  the  logs  de-
pending on quality classes (felling and pro-
cessing  was  made  using  buck-to-quality
method),  while  the  unloading  of  the  en-
ergy wood was carried without additional
maneuvering of  the vehicle.  The cause of
higher fuel consumption may also be due
to  increased  fuel  fluctuations,  whose
change  was  recorded  by  the  measuring
probe  during  unloading/loading  of  larger
logs and swinging of the entire forwarder.

When  comparing  both  load  types,  the
lowest fuel consumption was measured at
the unloading stage (16.5%) and was slight-
ly  higher  while  driving  unloaded  (18.3%)
and  higher  while  driving  loaded  (22.2%).
Fuel consumption shares in this load type
followed the ratio of timeshares of work-
ing cycle stages.

When extracting round wood, the use of
fuel per m3 was generally lower in compari-
son  with  energy  wood  (Fig.  3),  however

the  growth dynamic  was  bigger  in  round
wood. The change (increase) of  fuel  con-
sumption  when  extracting  energy  wood
was nearly not observed (Fig. 3). It can be
concluded that there is no dependence of
unit  fuel  consumption  on  the  extraction
distance.

Comparison of fuel consumption
Higher  fuel  consumption  was  measured

for Valmet 840.2 forwarder in all expressed
fuel  consumption  ratios  (Tab.  2).  Indeed,
the reason for more than double the con-
sumption per  working cycle  is  the  higher
total travelled distance, which was 2,272 m
while  extracting roundwood and 2,235 m
for energy wood extraction. During extrac-
tion of roundwood and energy wood Val-
met 860.4 forwarder had an average total
travelled distance of 1,000 and 1,235 m, re-
spectively.

Regarding  fuel  consumption  expressed
per total travelled distance, fuel consump-
tion  was  slightly  higher  for  Valmet  840.2
forwarder  (0.69  and  0.66  l  100  m-1 for
roundwood  and  energy  wood,  respec-
tively)  than  it  was  for  Valmet  860.4  for-
warder (0.65 and 0.64 l 100 m-1 for round-
wood and energy wood, respectively). The
reason  for  that  is  that  Valmet  840.2  for-
warder  was  for  the  majority  of  travelled
distance (1550 m of total 2272 m and 2235
m) driving in bad conditions (mud, melting
of the snow, low soil bearing capacity, in-
crease of slip, etc.).

Nordfjell et al. (2003) stated that fuel con-
sumption of forwarder in Scots pine stand
during final  cut  and in good stand condi-
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Tab. 4 - Shares of fuel consumption by stages of the working cycle of the Valmet 860.4 forwarder (Debrinja, 64f).

Stage
Time share

(%)
Share of fuel

consumption (%)
Share of travelled

distance (%)

Roundwood Energy wood Roundwood Energy wood Roundwood Energy wood

Driving unloaded 19.2 14.7 13.8 18.3 36.2 37.2

Loading 40.6 46.5 33.2 43.0 14.5 9.1

Driving loaded 22.3 22.0 31.8 22.2 41.3 51.2

Unloading 17.9 16.8 21.2 16.5 8.0 2.4

Fig. 3 -  The ratio of fuel consumption and total travelled distance with the Valmet
860.4 forwarder (Debrinja, 64f). (a) Roundwood; (b) energy wood.
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tions  regarding  soil  bearing  capacity  was
between 0.23 and 0.38 l 100 m-1.

Concerning hourly fuel consumption, Val-
met  840.2  forwarder  had  a  higher  con-
sumption on both types of load (17.36 and
15.17 l h-1 for roundwood and energy wood,
respectively)  compared  to  the  Valmet
860.4  forwarder  (12.13  and  12.48  l·h -1,  re-
spectively).  Many authors (Nordfjell  et al.
2003, Rieppo & Orn 2003, Holzleitner et al.
2010, Kenney et al. 2014, Abbas et al. 2014,
Ackerman et al. 2017) summarized that fuel
consumption varies between 8.3 to 15.7 l h -1

depending  on  the  vehicle  size  and  stand
conditions.

Fuel consumption per ton of transported
timber was almost three times higher for
Valmet 840.2 forwarder  compared to the
Valmet 860.4 forwarder (1.29  vs. 0.44 l t-1,
respectively) while extracting roundwood,
or nearly twice as high while extracting en-
ergy wood (1.74 vs. 0.9 l t-1 for Valmet 840.2
and Valmet 860.4, respectively). Payload of
the  Valmet  840.2  forwarder  is  smaller
which led to a higher fuel consumption per
mass  of  transported  timber.  Also,  condi-
tions in the stand (higher distances, mud,
low  soil  bearing  capacity,  wheel  slip)  all
contributed to higher fuel consumption of
the Valmet 840.2 forwarder.

Fuel  consumption  expressed  per  gross
volume  of  roundwood  was  almost  three
times higher for Valmet 840.2 compared to
the Valmet 860.4 forwarder (1.18  vs. 0.42 l
m-3,  respectively).  Previous  studies  (Atha-
nassiadis 2000, Nordfjell et al. 2003, Acker-
man  et  al.  2017,  Lijewski  et  al.  2017)  re-
ported a  fuel  consumption of  forwarders
varying between 0.38 and 0.94 l m-3.

Fuel  consumption expressed in  l  t -1 km-1

during  roundwood  extraction  was  higher
for Valmet 840.2 (0.56 l t-1 km-1) compared
to  the  Valmet  860.4  forwarder  (0.45  l  t-1

km-1), while the opposite holds for the ex-
traction  of  energy  wood,  where  Valmet
840.2 forwarder had lower fuel consump-
tion than Valmet 860.4 (0.78  vs. 0.83 l  t-1

km-1,  respectively).  The  fuel  consumption
expressed in this way is the most accurate
fuel  consumption  indicator  because  it  al-
lows  a  realistic  comparison  of  different
types of machines with different loads (t,
m3) at different extraction distances.

As expected, both forwarders had higher
fuel consumption with higher travelling dis-
tances,  and  the  higher  increase  in  con-
sumption was for Valmet 840.2 forwarder
(Fig. 4). The reason for the higher fuel con-
sumption  of  the  Valmet  840.2  forwarder
were  poor  stand  conditions  (melting  of
snow),  which  has  led  to  increased  wheel
slipping  (15.81%,  measured  in  the  stand)
and a significant share of the travelled dis-
tance  on  the  wet  forest  trails  (74%  and
75.6%  of  the  total  travelled  distance  oc-
curred on the forest trails while extracting
roundwood  and  energy  wood,  respec-
tively).

The  extraction  conditions  at  the  study
site where the Valmet 860.4 forwarder was
tested  (Debrinja,  64f)  were  more  favor-
able, as the ground was dry and the wheel
slipping was below 6%. Moreover, this sub-
compartment is located directly beside the
forest road along which were the landing
sites for roundwood and energy wood. Ac-
cording to the fuel consumption expressed
in l t-1 km-1, the fuel consumption of the Val-

met 860.4 forwarder while extracting en-
ergy wood was slightly higher compared to
the Valmet 840.2 forwarder (0.83 vs. 0.78 l
t-1  km-1). The reason for this was about 600
kg  lower  average  load  mass  of  energy
wood transported by the Valmet 860.4 for-
warder.

The  parameter  that  indicates  the  fuel
consumption  per  cycle  stage  is  based  on
the sum of the fuel consumption per each
cycle  stage,  and  the  parameter  showing
the fuel consumption per day was obtained
based on the  fuel  level  difference  at  the
end and the beginning of the working day,
taking  into  account  the  refueling  during
the day (Tab. 5). According to this parame-
ter,  the  expressed  fuel  consumption  was
more accurate than the fuel consumption
obtained by the sum of the stages of the
working  cycle  because  at  the  beginning
and the end  of  the  working  day the  for-
warder is idle, and there is no fluctuation of
the  fuel  level  in  the  tank  caused  by  the
movement of the forwarder or the work of
the hydraulic crane. Fuel consumption per
day was higher than that obtained by the
sum  of  the  stages  of  the  working  cycle
(Tab. 5). This difference ranges from 8.62%
for  energy  wood  extraction  and  up  to
14.88% for roundwood extractions. The dif-
ference is in connection to the number of
cycles, as the number of cycles was higher
in some versions of timber extraction, and
a higher deviation in the fuel consumption
measurements.  Further  causes  of  higher
fluctuations  in  the  fuel  level  and  hence
more  substantial  errors  in  the  fuel  level
measurements  are  the  operations  of  the
hydraulic crane while loading and unload-
ing larger logs and ground obstacles, such
as stumps.

According to the expression 1 quoted by
Nordfjell et al. (2003), based on the volume
of the load in m3 and the average extrac-
tion distance, the calculated fuel consump-
tion of the Valmet 860.4 forwarder while
extracting roundwood in the sub-compart-
ment  64f  (0.49  l  m-3)  was  approximately
equal  to  the  measured  fuel  consumption
(0.42 l m-3), while for the Valmet 840.2 for-
warder  the  calculated  fuel  consumption
was 0.77 l m-3 and measured fuel consump-
tion was 1.18 l m-3. The reason for the signif-
icant  deviation  of  the  Valmet  840.2  for-
warder is  due to the greater  average ex-
traction distances (1,136 m), while Nordfjell
et al. (2003) conclude that the expression
is suitable for a medium distance of about
400 m. The average extraction distance of
Valmet 860.4 forwarder was 500 m, so the
calculated consumption is more similar to
the measured consumption.

One of the important disadvantage of the
differential  flow meter  is  its  sensitivity to
impurities that may appear in the fuel (Pan-
dur et al. 2009). The installation of newer
engine types with built-in sensors may re-
sult in a drop in pressure in the fuel supply
system and in difficulties in the operation
of  the  propulsion  engine.  For  fuel  con-
sumption measurements,  probes can also
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Tab. 5 - Total fuel consumption measured by measuring probe on the Valmet 860.4
forwarder per stages of the working cycle and on a daily level.

Fuel consumption Roundwood Energy wood

Working cycles (n) 57 48

By stages of working cycle (l) 354.6 340.3

By day (l) 416.6 372.4

Difference (%) 14.88 8.62

Fig. 4 - Dependence of fuel consumption per gross volume of roundwood on the total
travelled distances. (a) Valmet 840.2 (Slavir, 143a); (b) Valmet 860.4 (Debrinja, 64f).
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Measurements of forwarders’ fuel consumption

be installed in the fuel tank of the vehicle.
The  main  disadvantage  of  the  measuring
probe is a lower precision than the differ-
ential  fuel consumption device. Its advan-
tage  is  its  insensitivity  to  fuel  impurities,
while its main drawback is the insufficient
precision, especially when working on un-
even terrain, where the level of fuel in the
tank is always perturbed.

Conclusions
The higher fuel  consumption of  the Val-

met  840.2  forwarder  reflects  the  worse
working  conditions  during  the  test.  Both
forwarders  had  higher  fuel  consumption
(expressed in l t-1  km-1) when energy wood
was extracted, because of the lower mass
of energy wood compared to the mass of
roundwood  in  the  individual  load  of  for-
warders.

The increased hourly fuel consumption of
the Valmet 840.2 forwarder can be partly
due to the older generation engine (Valmet
620 DWRE), that meets the Euro 2 exhaust
emission standards,  and the older fuel  in-
jection system used by the line pump. The
Valmet 860.4 forwarder is equipped with a
newer generation propulsion engine (Sisu
66 CTA) that meets Euro 3 exhaust emis-
sion  standards,  and  with  a  modern  CR
(Common Rail) fuel injection system, which
is considered more energy-efficient.

The fuel consumption measuring probe is
not suitable for scientific research due to
the large influence of  external  factors  on
the fuel level in the tank. In future studies,
a flowmeter should be developed,  or the
fuel  delivery  system should  be upgraded.
The upgrading would consist mainly of in-
stalling  an  additional  pump  to  prevent  a
fuel supply pressure drop due to the instal-
lation of a flowmeter less sensitive to ex-
ternal  influences,  such  as  those  affecting
fuel level measurements with a measuring
probe. However, the flowmeter is sensitive
to impurities  in the fuel  that  prevent the
normal flow. By installing an additional fil-
ter, this problem can be solved. The addi-
tional filter also has a positive effect on the
pressure  drop  in  the  fuel  supply  system
which triggers an alarm, warning about the
occurrence of engine problems.

The  solution  is  the  purchase  of  a  for-
warder with a factory-fitted flowmeter for
measuring the fuel consumption, for which
the manufacturer guarantees precision and
unobstructed operation during the service
life of the vehicle.
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