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Abstract

Operating conditions often fluctuate during processing of branches and sawmill offcuts using 
low-power wood size reduction machines (WSRMs), mainly due to changes in wood supply 
frequency. This results in relatively high proportions of idling time. Fuel consumption and as-
sociated exhaust emissions of WSRMs with combustion engines can be reduced by using in-
novative drive unit control systems during idling. The objective of the research was to determine 
the effects of two speed control systems on the fuel consumption and exhaust emissions of a 
WSRM with a two-cylinder cutting mechanisms driven by a small 9.5 kW spark ignition engine. 
Speed control system A (commercially available) had a substantially higher rotational speed than 
system B (an innovative, adaptive solution subject to patent application No. P433586). Pine 
(Pinus sylvestris L.) wood sawmill offcuts (average cross-sectional area, length and water con-
tent: 25×40 mm, 3000 mm and ca. 12, respectively) were used in system tests at a feed rate of 
ca. 5 pieces min-1. Material of this size is typically processed by such machines. Operating condi-
tions were monitored by recording the rotational speed and torque. Emissions of harmful exhaust 
compounds–carbon monoxide (CO), carbon dioxide (CO2), hydrocarbons (HC), and nitrogen 
oxides (NOx) – were recorded using a portable emission measurement system. Fuel consumption 
values were also calculated from the data. The following effects were observed: application of 
innovative system B resulted in 33% lower fuel consumption, as well as 30%, 37% and 33% 
lower CO, CO2 and NOx emissions, respectively, than system A, but at the same time 290% 
higher HC emissions were registered. In operating conditions with higher proportions of idling 
time, solution B provides even higher reductions in fuel consumption and exhaust emissions.
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1. Introduction
Reducing air pollution and energy consumption 

during wood size reduction (WSR) operations is im-
portant in applications such as generation of wood 
and wood-based products, biomass harvesting and 
maintenance of forests, orchards, and urban green ar-
eas. The most widely used wood size reduction ma-
chines (WSRMs) for energy generation purposes are 
woodchippers, which produce wood of 5–50 mm. 
Others reduce wood to sizes of 50–150 mm (chunks) 
and 150–500 mm (firewood). Research on WSRMS has 
mainly addressed the cutting mechanism effect on the 
energy used for chipping, in fuel consumption terms. 
Many studies have examined effects of blade wear 
(Nati et al. 2010, Manzone and Spinelli 2013, Facello et 
al. 2013, Spinelli et al. 2014, Spinelli and Magagnotti 

2014, Nati et al. 2014, Spinelli et al. 2015), screen size 
settings (Nati et al. 2010, Assirelli et al. 2013, Han et al. 
2015, Laitila and Routa 2015, Eliasson et al. 2015), and 
type of cutting mechanism (Manzone 2015, Spinelli et 
al. 2015, Manzone and Balsari 2015, Nati et al. 2014) on 
fuel consumption. Findings have shown that blade 
wear and use of screens with smaller holes increase 
energy consumption during WSR (Nati et al. 2010). 
The relationship between blade durability and geom-
etry has also been studied. Generally, reducing a knife 
blade point angle decreases the cutting force at the 
expense of blade lifetime (Gao et al. 2021, Flizikowski 
et al. 2021). Other studies have shown that efficiency 
can be increased by improving biomass production 
management, highlighting the significant proportion 
of undesirable idling time in these processes (Spinelli 
and Visser 2009). Three main sets of factors affecting 
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idling time have been identified: mechanical, organ-
isational, and human. Spinelli and Visser (2009) set the 
average idle time of WSRMs at 26% but focused on 
chipping machines used in industrial biomass produc-
tion that can shred logs and are often operated by 
loaders that enable a continuous feeding. Operational 
parameters of low-power machines, used in urban ar-
eas for reducing the size of wood up to ca. 100 mm in 
diameter, are substantially different. In the European 
Union, such machines are usually powered by engines 
in the non-road small Spark Ignition (SI) category up 
to 19 kW (Regulation 2016/1628/EU). Their operation 
varies considerably, depending on wood feeding fre-
quency, and thus distances to wood piles, their en-
tanglement, and the crew size (Warguła et al. 2019, 
Warguła et al. 2020b). Wood from urbanized areas 
usually consists of branches or sawmill cuttings. Even 
when the pile of wood is close to the machine (e.g. 
approx. 1 m), it is still very difficult to ensure continu-
ous operation. For example, it takes four seconds to 
reduce the size of a branch ca. 3 m long using a ma-
chine with a two-cylinder cutting mechanism. Hence, 
the ideal wood supply frequency would be around 15 
pieces min-1, but the average actual frequency is ca. 4 
pieces min-1. Under these conditions, the idling time 
can account for 73% of the machine operating time and 
other delays can increase it.

Negative effects of long idling times of machines or 
vehicles powered by internal combustion engines can 
be reduced using state-of-the-art technology, e.g. the 
start and stop systems in automotive vehicles (Ji et al. 
2016) or the deactivation of selected cylinders (Ding et 
al. 2016, Abas et al. 2017). Cylinder deactivation is ben-
eficial for multi-cylinder engines, but it cannot be ap-
plied in many small engines as they are often single 
cylinder. In contrast, a start and stop system automat-
ically stops the engine when the car comes to a stand-
still and is deactivated by pressing the accelerator 
pedal (Sommer et al. 2010). For WSRMs with a feeding 
rate of 4 pieces min-1 and a processing time of 4 s per 
piece, the idle time is 11 s per piece. In such cases, it 
seems advantageous to change the rotational speed 
rather than stop the engine. In addition, a classic 
WSRM with a low-power motor (hereafter solution A) 
idles at high speed, allowing the WSR process to con-
tinue using maximum power. Such a system cannot 
detect the material to be processed, so there is no infor-
mation about whether to change the drive parameters. 
The system only monitors the rotational speed, which 
changes when thick wood is being processed, due to 
use of a centrifugal mechanism on the engine crank-
shaft, which is integrated with the carburettor flap. 
After detecting a significant load on the working mech-
anism, the system opens the throttle valve, increasing 

inflow of the fuel-air mixture, thus allowing an in-
crease in power during the size reduction process. This 
compensates for the loss of driving power due to the 
significant load and also for the reduction in rotational 
speed of the drive and cutting mechanism.

We previously described an adaptive system (pat-
ent application No. P.423369) for WSRMs, equipped 
with a fuel injection system that changes the drive ro-
tational speed during idling from high to low (Warguła 
et al. 2020a, c). The system is controlled by engine load 
signals from the throttle position sensor (TPS) and ro-
tational speed information. When an optical system 
detects wood in the feed channel and the air damper 
flap position changes, it shifts from idling mode to high 
rotational speed and maximum power. When wood is 
no longer detected, the system maintains this operating 
state for 2 s to ensure that the material remaining in the 
feed channel is completely processed and then idles at 
low rotational speed. Under real operating conditions, 
we showed that the system reduced fuel consumption 
and emissions of both carbon dioxide (CO2) and nitro-
gen oxides (NOx) (Warguła et al. 2020a, c). However, 
failure to detect loads of thick wood results in slowing 
the cutting mechanism. In addition, even after an up-
date in 2019, EU emission regulations still allow the use 
of carburettor systems (Waluś et al. 2018). Thus, a lim-
ited number of engines can use the system in the EU, 
as 89% of the small non-road SI engines for sale in the 
EU in 2018 were equipped with a carburetted fuel sup-
ply system (Warguła et al. 2018).

To address these problems, we have developed a 
system that reduces effects of idling on fuel consump-
tion and emissions of engines with a carburetted fuel 
supply system. The system (designated solution B) is 
subject to patent application No. P.433586. Like the 
previous system (P.423369), solution B detects branch-
es in the feed channel, but also recognises the load 
resulting from, for example, thick wood as in com-
mercial solution A.

This paper describes the results of tests of WSRMs 
both with and without the new adaptive system (solu-
tions B and A, respectively). The objective of this re-
search was to determine the effects of two speed con-
trol systems on the fuel consumption and exhaust 
emissions. Relatively disadvantageous working condi-
tions were used for the adaptive system, i.e. the short-
est possible idle time resulting from the frequency of 
wood supply. Based on the review of the available 
literature and on previous authors own research, we 
hypothesized that the use of a control system (solution 
B) would reduce fuel consumptions and emissions of 
harmful exhaust compounds, especially those directly 
related to consumed fuel volume. The operation of the 
internal combustion engine at a lower idle speed re-
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sults in a lower number of combustion cycles. There-
fore, as a result, a reduction in fuel consumption and 
quantitative exhaust gas emissions can be expected. 
The said reduction of exhaust gases concerns mainly 
CO and CO2, because they are the main components 
of exhaust gases, and their emission strongly depends 
on the amount of fuel burned. To test the hypothesis, 
solutions A and B were subjected to tests with similar 
operating conditions in which we monitored key op-
erating parameters (torque, rotational speed, power, 
mass productivity, frequency of wood supply to the 
machine), fuel consumption and harmful exhaust gas 
emissions–carbon monoxide (CO), CO2, hydrocarbons 
(HC), and NOx–as a function of time.

2. Materials and Methods

2.1 Wood Size Reduction Machine, Combustion 
Engine and Tested Fuel

A Red Dragon RS-100 (Remet CNC Technology Sp. 
Z O.O., Kamień, Poland) WSRM with a two-cylinder 
cutting mechanism (Fig. 1) was used in the tests. This 

is a commonly deployed machine, especially in urban 
areas, working on material up to ca. 100 mm diameter, 
mostly fresh and medium-soft wood, according to the 
Janka hardness scale (Warguła et al. 2019a). For the 
trial, it was powered by a Lifan GX390 SI 9.56 kW in-
ternal combustion engine (American Honda Motor 
Co., Torrance, CA, USA) (Table 1). In the EU, this en-
gine is classified as small according to Regulation 
2016/1628/EU, which applies to SI engines powering 
non-road machines up to 19 kW. Specifications of the 
WSRM, combustion engine, and fuel are shown in 
Table 1.

2.2 Description and Comparison of Two Solu-
tions A and B

After starting, the classically controlled WSRM (so-
lution A) reaches a high rotational speed, ensuring size 
reduction with maximum power. The degree of pow-
er or torque during WSR in such a machine is related 
to the resistance to wood cutting. When there is no 
material in the feed channel, the machine idles. The 
rotational speed is positively related to the number of 
combustion cycles, fuel consumption and exhaust 

Table 1 Specifications of wood size reduction machine, combustion engine and fuel (gasoline)

Parameter Specifications

Red Dragon RS-100 wood size reduction machine

Cutting mechanism type Two-cylinder

Wood maximum diameter 100 mm

Wood length (mechanism has 4 blades) 140±50 mm

Average mass flow rate (Warguła et al. 2020b) 0.66 t · h-1

Average volumetric flow rate (Warguła et al. 2020b) 3.5 m3 · h-1

Lifan GX390 small engine

Engine maximum power at 3600 rpm 9.56 kW/13 HP

Engine maximum torque at 2500 rpm 26.5 Nm

Bore/Stroke 88 mm/64 mm

Engine type Four-stroke, OHV (Overhead Valve)

Number of cylinders 1

Ignition Electronic, without ignition timing adjustment

Weight 31 kg

Tested fuel – gasoline (Merkisz et al. 2016)

Density under reference conditions (liquid phase) 720 kg · (m3)-1–775 kg · (m3)-1

Fuel calorific value 38 MJ · kg-1

Boiling temperature 40 °C–210 °C

Excess air coefficient l up to the ignitability boundaries 0.4–1.4

Motor octane number (MON) (research octane number (RON)) 85 (95)

Air-fuel ratio (AFR) for stoichiometric mixture (mass) 14.7:1
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emissions, so when no material is detected in the feed 
channel by the optical sensors, the algorithm in solu-
tion B slows down by activating a stepper motor that 
changes the position of the speed control lever (a in 
Fig. 2). Lever A is connected to a centrifugal mecha-
nism, which (depending on the position of lever A and 
the engine rotational speed) changes the position of 
the second speed control lever (b in Fig. 2). The speed 
regulation of the output shaft of an SI internal combus-
tion engine with a carburettor fuel supply system de-
pends mainly on the position of the throttle flap in the 
carburettor, so in solution B this flap position is ad-

justed by an electronically controlled lever (which re-
placed the mechanical-manual speed change lever) 
using a stepper motor (Fig. 2 and Fig. 3). This solution 
does not interfere with the control system for the cen-
trifugal throttle flap position, which changes as the 
load increases.

2.3 Wood Size Reduction Material and Working 
Conditions

Pine (Pinus sylvestris L. Sp. Pl. 1000. 1753) offcuts (3 
m long, average cross-section 25×40 mm, moisture 
content ca. 12%) obtained from the production of 

Fig. 1 a) Pine (Pinus sylvestris L.) wood sawmill offcuts and b) wood size reduction machine used in tests

Fig. 2 Speed control system of wood size reduction machine drive in solutions A (a) and B (b)
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boards and beams were used in the study (Fig. 1). This 
is typical material for the WSRM, which enabled to 
maintain a relatively high feeding pace of ca. 5 pieces 
min-1, which would be difficult to maintain using 
branches, as they are often entangled. Under these 
conditions the machine was idle for 66% of the pro-
cessing time as the offcuts were converted into ca. 140 
mm long chunks, which can be used (for example) in 
domestic heating applications.

2.4 Measurement Method and Measuring 
Devices

When comparing Systems A and B, the operating 
conditions were controlled by monitoring the rota-
tional speed and torque between the drive unit and 
the cutting mechanism as they processed the offcuts 
described above (Fig. 4). The interconnection of the 
drive unit, torque meter (Electronic Workshop Roman 
Pomianowski, Poznań, Poland) and wood size reduc-
tion machine required the use of a belt transmission, 
couplings, and intermediate shafts, whose effects were 
included in the torque analysis. A detailed analysis of 
these factors using the same methodology is presented 
by Warguła et al. (2020d).

An Axion RS+ portable emissions measurement 
system (PEMS) from Global MRV was used to mea-
sure CO, CO2, HC and NOx exhaust emissions (Table 
2). Fuel consumption was determined from the carbon 
balance (Lijewski et al. 2019). Emission levels were 
calculated from measured concentrations of the gases 
and air mass supplied to the combustion chamber (ob-
tained by measuring the pressure in the inlet mani-
fold). The input energy Einput during the WSR process 
was determined from the amount of fuel consumed 
and from the calorific value of the fuel (38 MJ or 10.5 
kW kg-1). The output energy Eoutput was calculated from 

the measured torque M in N m-1 and the rotational 
speed n in rpm. Thus, the power P was expressed, as-
suming one working hour, in kW h-1, using eq. 1:

 P M n
=

⋅
9550

  (1)

All results presented in the following sections in 
x±y format are means and standard deviations.

Fig. 3 Wood size reduction machine drive speed control systems in solutions A (a) and B (b)

Table 2 Specifications of Axion RS portable exhaust emissions 
analyser (Lijewski et al. 2019)

Gas
Measurement 

range
Sensitivity Specifications

HC Propane 0–4000 ppm ±3% 1 ppm

CO 0–10% ±3% 0.01 vol.%

CO2 0–16% ±3% 0.01 vol.%

NOx 0–4000 ppm ±4% 1 ppm

O2 0–25% ±3% 0.01 vol.%

Fig. 4 Schematic of test station
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3. Results
3.1 Working Conditions

To allow a meaningful comparison of the results 
between systems A and B, similar operating condi-
tions were used (Table 3). Torque (the main parameter 
related to the machine load) curves were used to de-
termine the average machine load and frequency of 
wood supply (Fig. 5). Torque values obtained for solu-
tions A and B were very similar (2.01±1.8 N m-1 and 
2.05±2.2 N m-1, respectively). Peaks indicate the in-

creased load on the cutting mechanism during WSR 
(Fig. 5). Rotational speed was also high during WSR 
for both solutions (approximately 3600 rpm, corre-
sponding to working conditions of the engine at max-
imum power: Fig. 6 and Table 1). Solution B reduces 
the rotational speed during idling to ca. 1350 rpm, but 
longer idling times (and thus, for example, slower 
wood delivery) would be required for stable idling. 
Power values derived from the torque and rotational 
speed values differed significantly between the operat-
ing conditions for solutions A and B due to the sig-

Fig. 6 Rotational speed during wood size reduction process with solutions A and B

Fig. 5 Torque during wood size reduction process with solutions A and B
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nificant changes in speed when using solution B (Fig. 
7). The average power for solutions A and B was 0.74±7 
kW and 0.63±0.7 kW, respectively. Work values, and 
hence energy intensities, of the studied systems ob-
tained from the power curves are shown in Table 3.

3.2 Fuel Consumption
The implementation of solution B resulted in lower 

fuel consumption (a key parameter for assessing the 
efficiency of any WSRM) than solution A (0.28±0.10 g∙s-

1 and 0.42±0.03 g∙s-1, respectively, Table 3) as far as aver-

age values are considered. However, the nature of the 
change in amplitude of fuel consumption is greater as 
can be seen in Fig. 8. Fuel consumption, and hence input 
energy for the WSR process, decreased with reductions 
in rotational speed and increased with acceleration.

3.3 Harmful Exhaust Gas Emissions
Fuel consumption was positively associated with 

emissions of CO2, CO and NOx (Fig. 9–11), but nega-
tively associated with HC emissions (Fig. 12). CO2 
emissions were lower on average for solution B than 

Fig. 7 Power during wood size reduction process with solutions A and B

Fig. 8 Fuel consumption during wood size reduction process with solutions A and B
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solution A (0.59±0.20 g∙s-1 and 0.93±0.04 g∙s-1, respec-
tively, Table 3). CO emissions, resulting from the in-
complete combustion of the fuel, were also lower for 
solution B than solution A (171±71 g∙s-1 and 245 g∙s-1 ±81 
mg∙s-1, respectively, Table 3). In addition, the rotational 
speed was positively related to CO emissions. High 
combustion temperature and oxygen radicals in the 
fuel-air mixture contribute to NOx emissions, which are 
usually associated with combustion of poor fuel-air 
mixtures. NOx emissions were less varied, due to the 
more stable operation, but higher on average, for solu-

tion A than solution B (0.52±0.05 g∙s-1 and 0.35±0.17 
mg∙s-1, respectively, Table 3). These emissions signifi-
cantly declined with increases in rotational speed, due 
to associated mixture enrichment. However, the en-
richment also contributes to increases in HC emission 
due to non-combustion of fuel particles. Hence, HC 
emissions had a higher amplitude and were higher on 
average for solution B than solution A (8.34±4.37 g∙s-1 
and 2.39±0.38 mg∙s-1, Table 3). Emissions obtained with 
solution A had lower variability, particularly CO2 and 
HC emissions (Fig. 9 and Fig. 12, respectively). The in-

Fig. 9 CO2 emissions during wood size reduction process with solutions A and B

Fig. 10 CO emissions during wood size reduction process with solutions A and B



Reduction Machines on Fuel Consumption and Exhaust Emissions (1–15 ) Ł. Warguła et al.

Early view paper 9

creases in amplitude may be due to the enrichment of 
the air-fuel mixture during WSR, and could represent 
a significant load on the machine drive unit. The load 
on the drive unit is the result of an increase in the resis-
tance to movement of the cutting mechanism, which is 
influenced by the increasing cutting force (required to 
process the wooden material).

3.4 Mass Productivity
The productivity of solutions A and B, expression 

of the unit of mass produced per unit of time, was 

605±14 kg∙h-1 and 614±11 kg∙h-1, respectively, similar 
to that reported about other low-power WSRMs 
(Warguła et al. 2020b).

3.5 Energy Output, Energy Input and Efficiency 
of Wood Size Reduction Process

The test results enabled to determine the output 
and input energy of the WSR process, while their ratio 
allowed to assess the efficiency of the process with 
solutions A and B (Table 3).

Fig. 11 NOx emissions during wood size reduction process with solutions A and B

Fig. 12 HC emissions during wood size reduction process with solutions A and B
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3.6 Fuel Savings and Changes in Emissions
As shown in Table 3, the rotational speed system 

provided an approximate 33% reduction in fuel con-
sumption, with 37, 30 and 33% reductions in CO2, CO, 
and NOx emissions, respectively, but it also increased 
HC emissions by 290% (Table 3). By reducing fuel con-
sumption with solution B, it allowed to reduce the 
average input energy of the WSR process by approxi-
mately 33% (solution A, 15.8 kW h-1; solution B, 10.6 
kW h-1). The average output energy, i.e. the energy 
used to drive the cutting mechanism during the entire 
WSR process (wood size reduction, idling and transi-
tions) was 15% lower for solution B (0.63 kW h-1) than 
solution A (0.74 kW h-1). The lower output energy is 
mainly due to the lower rotational speed during idle 
operation. Due to its lower energy demand and con-
sumption, the efficiency of solution B was 28% higher.

4. Discussion
The most efficient use of a wood size reduction ma-

chine, expecting the greatest productivity, can be 
achieved by ensuring that the load to the cutting mech-
anism is of a nominal value, thus making the drive unit 
operate at maximum power. In practice, such operating 
conditions are very difficult to maintain, and the load 
depends on the material being processed. For example, 

feeding WSRMs with larger quantities of material are 
recommended when processing treetops, to counter-
balance their smaller overall size. In addition, increas-
ing the width of chipper drums and number of rollers 
improves the feeding of small pieces of material to the 
cutting mechanism, and hence the processing (Assire-
lli et al. 2013). Conversely, interrupting the flow of raw 
material reduces WSRMs productivity, results in idling 
and prevents exploitation of their full production ca-
pacity (Spinelli et al. 2009). As already mentioned, the 
average idling time of WSRMs used in industrial bio-
mass production is about 26%, but in difficult working 
conditions, such as in the mountains, it may be up to 
44% (Spinelli et al. 2009). WSRMs are often equipped 
with inlet ducts that can supply surplus material or 
interface with wood supply systems. Examples of such 
solutions are machines with hydraulic feeders, which, 
in the event of an overload of the cutting mechanism, 
delay the delivery of wood by storing it in the feed 
channel. Furthermore, material is transported to WS-
RMs using grabs or loaders (Manzone and Balsari 2015, 
Spinelli et al. 2016a). Due to limited branch storage 
space, for manually fed machines designed to facilitate 
clearing of tree branches from urban areas, idling time 
can account for up to 71% of working time (Warguła et 
al. 2019b, Warguła et al. 2020b).

For these reasons, there have been considerable ef-
forts to reduce idling of machines powered by internal 

Table 3 Mean operational parameters and emissions during wood size reduction process with solutions A and B

Working conditions

Solution Torque, N m-1 Rotational speed, rpm Power, kW
Frequency of feeding 

pieces min-1

A 2.01±1.8 3539±30 0.74±7 5

B 2.05±2.2 2708±885 0.63±0.7 5

Harmful exhaust gas emissions

Solution CO2 emission, g · s-1 CO emission, mg · s-1 NOx emission, mg · s-1 HC emission, mg · s-1

A 0.93±0.04 245±81 0.52±0.05 2.39±0.38

B 0.59±0.20 171±71 0.35±0.17 8.34±4.37

B/A ratio 63% 60.7% 67.3% 349%

Fuel consumption and energy output, energy input and efficiency of wood size reduction process

Solution Fuel consumption, g s-1 Energy output, kW h-1 Energy input, kW h-1 Efficiency of wood size 
reduction process, %

A 0.42±0.03 15.8 0.74 4.7

B 0.28±0.10 10.6 0.63 6.0

B/A ratio 67% 67% 85% 127%
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combustion engines. One approach is to reduce idling 
through organisational adjustments of the material 
supply and delivery chain (Perić et al. 2020, Yoshida 
and Takata 2019), technological measures to facilitate 
loading, such as improving shapes of feed channels 
(Assirelli et al. 2013), or using cranes and grapples 
(Röser et al. 2012). The efficiency of delivering wood 
for processing is also influenced by operator skill (Mo-
la-Yudego et al. 2015). Another approach, as in this 
study, is to reduce adverse effects of machine idling 
(increases in fuel consumption and harmful exhaust 
gas emissions). Changing the rotational speed during 
idling from ca. 3600 rpm to ca. 1350 rpm, afforded an 
approximate 33% reduction in fuel consumption, 
along with 37, 30 and 33% reductions in CO2, CO, and 
NOx emissions, respectively. However, it also in-
creased HC emissions by 290% (Table 3). Surprisingly, 
the only other solution we found in a literature review 
for reducing fuel consumption and harmful emissions 
of WSRMs during idling is the one we previously de-
veloped for rotational speed control of systems with 
small SI engines (subject to patent application P.423369; 
and Warguła et al. 2020a, c). Both systems reduce fuel 
consumption and targeted emissions. However, solu-
tion B, described here, allows the use of a cheaper, 
more popular (Warguła et al. 2022) fuel supply system 
and automatically adjusts the air-fuel mixture in re-
sponse to changes in loads on the cutting mechanism. 
The previous system provided similar reductions in 
fuel consumption (29–60%), but smaller reductions in 
CO2, CO, NOx emissions (35, 8 and 21%, respectively) 
compared to solution A in similar operating condi-
tions (Warguła et al. 2020a, c). Like the carburettor 
system reported here, it also resulted in a high (188%) 
increase in HC emissions, which could probably be 
reduced by improving air-fuel mixture control during 
acceleration, thus reducing the number of unburned 
fuel particles. HC emissions can also be significantly 
reduced by using a three-phase catalytic reactor 
(Herner and Hans-Jurgen 2013, Warguła et al. 2020c), 
or fuels with lower carbon content, such as liquified 
petroleum gas (Beik et al. 2020) or compressed natural 
gas (Dziewiątkowski et al. 2020, Rimkus et al. 2020), 
rather than gasoline. Spinelli et al. (2018) also found 
that simple adjustment of an engine reduced its fuel 
consumption and CO2 emissions by 17% (although 
such savings depend on the suboptimality of control 
settings). Other studies of CO2 emissions of compres-
sion ignition (CI) combustion engines with 103 to 420 
kW power driving industrial WSRMs with various 
cutting mechanisms found that their average emis-
sions during operation were 10.80 kgCO2eq Mg DM−1 
(Manzone 2015) and 7.6 kgCO2e MWhchip

−1 (Prada et al. 
2015). Results of these studies provide indications of 

average environmental impact of WSRMs, but not 
possible ways to improve them.

Effects of systems intended to reduce effects of 
idling in other applications have also been studied. For 
example, Lijewski et al. (2021) found that a start and 
stop system reduced fuel consumption of a low-pow-
er scooter engine in real operating conditions, with 12 
and 10% lower CO2 and NOx emissions, respectively, 
but also 57 and 4% increases in CO and HC emissions, 
respectively. Such a system can also reduce  fuel con-
sumption and NOx emissions of cars, while increasing 
total hydrocarbon and CO emissions (Qiao et al. 2014). 
Other systems can stop operation of selected cylinders 
of multi-cylinder engines during idling, thus reducing 
fuel consumption and exhaust emissions (Zasiga et al. 
2021). In addition, hybrid drives with combustion en-
gines and electric motors can provide approximate 
reductions of 6.5% in WSRMs fuel consumption and 
lower energy intensity compared to machines driven 
solely by combustion engines (Prinz et al. 2018). When 
there is no raw material to be processed (which, for 
classic WSRMs driven by a combustion engine, cor-
responds to idling), machines equipped with hybrid 
drives can generate electricity to charge the batteries 
(Di Fulvio et al. 2015).

Other ways to improve the efficiency of processing 
machinery or processes are being explored by many 
researchers, and any findings that contributes to this 
improvement are valuable. Adjustments to blade ge-
ometry can reportedly improve the efficiency of cutting 
processes by up to 70% (Wojtkowiak et al. 2018, Wojt-
kowiak and Talaśka 2019), although again the potential 
gains depend on the initial sub-optimality. Improve-
ments in the efficiency of comminution processes have 
been made by decreasing blower speed when full ejec-
tion power is not required (Spinelli et al. 2016a). Im-
proving the efficiency of the WSR process may be as-
sociated with a reduction in fuel consumption and, 
thus, pollutant emissions. Machine operators are par-
ticularly exposed to such harmful exhaust gases (Mag-
agnotti et al. 2014, Warguła et al. 2020e) in conjunction 
with wood dust (Gulci et al. 2018). Furthermore, using 
solution B reduces the rotational speed, which can re-
duce further impacts on operators such as noise (Spi-
nelli et al. 2016b) and vibration (Kończak et al. 2020), 
thus improving their well-being (Kymäläinen et al. 
2021). However, stopping the internal combustion en-
gine of many machines during idling is not acceptable, 
because in addition to its main function it provides 
energy for auxiliary systems such as maintaining com-
fort in the driver’s cabin by providing power for acces-
sories such as air conditioning, heating, TV, a refrig-
erator, and lighting (Rahman et al. 2013).
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5. Conclusion
Comparative tests of systems with and without the 

innovative rotational speed control system showed 
that it reduced mean fuel consumption by 33%, with 
37, 30, and 33% reductions in emissions of CO2, CO 
and NOx, respectively. However, it increased HC 
emissions by 290%. Thus, with mass productivity of 
600 kg∙h-1, it reduced the energy input by 33% and 
energy output by 15%, with a 28% increase in efficien-
cy. The presented results show that regulating WS-
RMs rotational speed can have economic and ecologi-
cal benefits. More research is needed, especially for 
limiting HC emissions, perhaps by changing the fuel, 
but in the future systems providing such capacities 
may become mandatory for WSRMs, like start and 
stop systems in cars.

6. Patents
The design solution described in this paper is sub-

ject to a patent application in Poland: Warguła, Ł., 
Kukla, M., Wieczorek, B., Krawiec, P., 2020: Rotation-
al speed control system for wood size reduction ma-
chines with a spark ignition engine (original text in 
Polish: Układ sterowania prędkością obrotową 
napędu rębaka do drewna z silnikiem spalinowym o 
zapłonie iskrowym), Poznan University of Technolo-
gy, Poznań, Poland, application number: P.433586, 
date of filing 17.04.2020.
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