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ABSTRACT

This thesis summarises the findings of four case studies focussing on the redesign of
specific aspects of the forest chip supply chain, the use of alternative terminals for chip
supply, the interdependencies of chipper and chip trucks and the performance of individual
machines after machine alteration. The aim of the work was to analyse and improve the fuel
economy and energy efficiency of the forest chip supply system by modifying the settings
of CTL harvesters, investigating the performance of an innovative hybrid chipper,
introducing alternative supply systems through the use of a feed-in terminal and an analysis
of forest chip supply systems under selected operational and environmental conditions.

The analysis of the case studies involved individual machines and the entire forest chip
supply system. Two study methods were used: work study and discrete event simulation
(DES). Work study carried out to investigate the performance of individual machines and
their alteration; the DES method was used for investigating the organisational redesign of
the forest fuel supply system.

The study resulted in the following findings and conclusions: 1) extreme machine
settings have a statistically significant impact on the fuel economy of CTL harvesting
machines; 2) hybrid machine technology can improve the fuel consumption and energy
efficiency of chipping operations in forest chip production; nevertheless the productivity of
the analysed prototype was below that for compared traditional chippers; 3) as an
alternative to the direct supply of forest chips, the effect of utilising terminal operations on
the overall supply cost can be quantified; terminal use improves the annual use of the
supply fleet and enhances fuel supply security to the plant thereby reducing the need for
supplementary fuel and 4) applying different types of types of chipper and truck-trailer
combinations, supply costs and efficiencies can be quantified and vehicles with increased
carrying capacity can improve the cost competitiveness.

In the study an integrated approach taking physical, technological, enterprise and
industrial levels of energy efficiency into account is proposed. Thereby state-of-the-art
forest technology and current biomass supply ideally can be upgraded to achieve new,
improved levels of performance and energy efficiency.

Keywords: forest biomass; biomass supply chain; work study; discrete-event simulation;
chipper; chip truck
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1. INTRODUCTION

1.1 Background

Climate change is a serious global matter with multiple impacts and real concern for
Europeans (European Commission 2018a). Global warming is an issue affecting current as
well as following generations and it is caused by human activities during the time from pre-
industrialisation until the present (IPCC 2018). Global warming, observed by the global
mean surface temperature, is already at approximately 1.0°C above the pre-industrial level
and it is likely to reach 1.5°C in the next decades given the current increasing rate of
change (IPCC 2018). Anthropogenic emissions such as greenhouse gases (GHG) and
aerosols are causing long-term warming effects and additional changes to the climate
system (IPCC 2018). Fossil fuels are known for adding carbon to the carbon cycle thereby
increasing global warming. The aim to reduce additional carbon emissions into the
atmosphere requires several measures. How renewable energy solutions and low-carbon
fuels, as well as efficiency improvements, contribute to such a development of reducing
emissions are currently under discussion, e.g., in the Nordic region the amount of emissions
has decreased despite lower prices for fossil fuels (NETP 2016). The Nordic region is
currently aiming to achieve a near-zero energy system in 2050 to be supported by clean
energy resources such as wind and hydropower. In this respect, wind power plays a major
role with large growth expected in power generation technologies in Nordic carbon-neutral-
scenarios, although bioenergy is anticipated to become the largest energy carrier in 2050 in
the Nordic region (NETP 2016).

As a consequence of the global climate change and global warming, political decisions
on several levels have addressed the issue and implemented measures. The Paris Agreement
from 2015 was an important milestone against climate change by setting out a global action
plan (European Commission 2016). The European Union has set key targets in their 2030
climate and energy framework: a reduction of GHG by at least 40% compared to 1990
levels (European Commission 2013), a share of renewable energy of at least 32%
(European Commission 2018b) and an improvement in energy efficiency of at least 32.5%
(European Commission 2018c). Also on the national government agendas, items such as
energy efficiency or reducing greenhouse gas emissions and the use of fossil fuel to
mitigate climate change can be found. In Finland, the National Energy and Climate Strategy
for 2030 outlines actions to attain the Government Programme targets set in order to
achieve an 80 to 95% reduction in greenhouse gas (GHG) emissions from the 1990 level by
2050 and to improve system-level energy efficiency (Ministry of Economic... 2017).
Although Finland has not set a quantitative target for energy efficiency efforts under this
strategy, voluntary agreements with industry and building codes with high energy
performance standards are used in addition to sector-specific targets for transport (IEA
2018).

Currently there is political consensus on the increased use of biomass-based energy.
This has been suggested by the Intergovernmental Panel on Climate Change (IPCC) report
(IPCC 2018). In Finland and Sweden the focus of the development of bioenergy from forest
biomass has changed. The focus has shifted from energy security and reducing the
dependency on fossil fuels of the 1970s towards drivers such as sustainability including
climate change mitigation (Bjorheden 2017). Nevertheless, there are also other
recommendations stating contrary arguments regarding the increased use of biomass for
bioenergy (e.g. Schulze et al. 2012).
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Forest biomass supply chains typically involve the sequence of operations. They
involve the procurement of biomass from a source to an end-using facility where the
processing or conversion takes place, which is analogous to the forest energy supply chain
concept described by Roser (2012). Biomass is thereby brought from the forest site to a
plant, e.g., a heating or combined heat and power (CHP) plant, with several handling steps
along the way, which require a certain amount energy input. First, the felling and cutting of
trees (harvesting) takes place at a forest site during the thinning or final cutting of forest
stands. Next, the raw material is transported off-road (forwarding) to a nearby landing site;
the material is stored until further handling commences in such roadside storages. Further
material handling steps and their timing depend on the respective assortment and intended
utilisation, but in the case of forest biomass production, the material is typically
comminuted into forest chips. Chipping operations interact with transportation, whereby
chips are usually directly blown from the chipper onto a truck-trailer unit. The trucks
transport the material to an end-using facility where the conversion to heat and electricity
takes place. CHP technology is considered as a powerful tool to reduce CO, emissions due
to its high energy efficiency (Hakkila 2004).

A total of 72.4 million solid cubic metres of roundwood were removed from Finnish
forests in 2017, of which 35.8 million m* were used for pulpwood, 27.5 million m* were
removed as logs and 9.2 million m*® were utilised as energy wood (Official Statistics of...
2018). In the same year, a total of 7.2 million solid cubic metres of forest chips were used
for energy production (Official Statistics of... 2018). Wood fuels were the most important
energy source in Finland in 2017, and heating and power plants were the main consumers
of solid wood fuels (Official Statistics of... 2018). There was an increase in the combustion
of industry by-products and wood residues with bark being the main by-product used,
whereas the consumption of wood chips underwent a slight decrease compared to the
previous year (Official Statistics of... 2018). The high consumption of solid wood fuels
show the important role of heating and power plants and wood-based industries in general,
however, the decline in the consumption of wood chips also indicated the importance of
efficient biomass supply in order to reach the targets.

It is also crucial that the sourcing uses resource efficient supply chains. Jappinen (2013)
addressed the importance of the efficient use of resources in relation to climate-change
mitigation and the reduction of GHG emissions derived from forest-biomass supply and
utilisation. This is relevant especially with respect to the bioeconomy in general and the
connected industry in particular. Furthermore, Anttila et al. (2018) addressed the important
role of efficient logistical solutions in places of high demand, e.g., new large-scale plants
which might have also a significant effect on the regional availability of forest chips.
Similarly, Ko et al. (2019) mentioned the importance of efficient procurement systems as
one of the main obstacles to the extension of the bioenergy industry because biomass
energy sustainability is sensitive to the performance of each component in the overall
process. Consequently, this also affects the research agenda, which was highlighted
recently by Borz et al. (2017) who stated that studies in forest engineering should address
resource efficiency in general and fuel efficiency in particular.

1.2 Forest chip supply chains and fuel quality

Wood based fuels are classified according to standards, such as EN ISO 17225-1:2014 on
fuel specifications and classes of solid biofuels, and are also divided into energy from short
rotation forestry and forest biomass (Roser et al. 2008). According to this classification,
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forest biomass can be considered primary residues, traditional firewood, secondary residues
and tertiary residues. The focus of this thesis is on primary residues, which include forest
residues such as logging residues from thinnings or final cuttings, small-diameter trees, as
well as tree stumps. Secondary residues include wood-based industrial residues, for
example sawdust, chips and shavings from the wood-industry, in addition to bark and black
liquor. Tertiary residues include used wood residues, for instance, from construction.

In Finland, the raw materials used for forest chips derived from primary residues in
2017 consisted mainly of 4.0 million m* of material from small-sized trees, 2.3 million m?
of logging residues, 0.5 million m* of tree stumps and 0.4 million m* of large-sized timber
(Official Statistics of... 2018). These forest chips were mainly used in CHP facilities (4.6
million m®) and heating plants (2.6 million m?®); in addition, 0.6 million m> of forest chips
were used for heating in housing in 2017 (Official Statistics of... 2018).

Recent literature reviews have mapped the best practice examples and state-of-the-art
supply chains or techniques in forest biomass supply. The main steps along the forest
biomass supply chain include harvesting and forwarding, comminution and transportation
(Ghaffariyan et al. 2017, Diaz-Yafiez et al. 2013, Wolfsmayr & Rauch 2014, Routa et al.
2013). Harvesting of industrial roundwood and energy wood can be done separately or as
one operation (Figure 1). Decisions related to supply chains are typically divided into three
main categories: strategic, tactical and operational planning. Strategic supply chain
decisions in the forest fuel supply network focus on long-term decisions with a planning
horizon of several years and include, for example, decisions on the overall design of the
supply chain, facility locations, transportation mode or terminal locations (Rauch 2013).
With a planning horizon of up to several months, tactical decisions focus on the medium-
term, e.g., including the planning of transportation, material requirement, plant allocation
and capacity, harvest areas and production; while operational planning focusses on short-
term decisions from daily planning up to a few weeks and includes decisions on machine
and site scheduling, for instance, as well as vehicle routing or transport decisions (Rauch
2013).

Figure 1. Mechanised harvesting of industrial roundwood and use of energy wood.
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Diaz-Yanez et al. (2013) have illustrated the main supply chains used in the
procurement of wood chips as raw material to the plant in several European countries. They
determined that the most typical chains using logging residues and industrial roundwood
from final fellings, pre-commercial thinnings and industrial roundwood from thinnings,
utilise harvesters for felling/cutting, forwarders for off-road transport and trucks for road
transport. In Finland, the share of mechanised felling in 2017 was 99.98% using mainly cut-
to-length (CTL) machines, which include harvesters and forwarders, with a number of
machines in the range of 1,500 to 2,000 harvesters and forwarders (Strandstrom 2018a).
Besides, there are also harwarders, which are a combination of these machines.

While new devices have been tested, excavators equipped with a specially designed
harvesting head are generally used for roots and stump harvesting from final fellings (see
Laitila et al. 2019). While the degree of mechanisation is high in the Nordic countries,
particularly in Finland, manual operations are more common in other parts of Europe. Thus,
other methods applied include motor-manual felling/cutting, as well as the use of small-
scale equipment such as (forestry-fitted) tractors, cable-yarders and skidders (Diaz-Yéafiez et
al. 2013). According to the authors, comminution usually takes place at the roadside, and to
some extent also at a terminal or plant. Chipping at the roadside has advantages such as
improving the transport efficiency (Brunberg 2016). Chipped material is thereby directly
blown from the chipper unit into a truck-trailer or container combination. This so called
“hot” operation means that the processing is directly linked to the transport (Ranta 2002).
The type of machine, the machine’s power, and the raw material have an effect on the
productivity of comminuting machines (Bergstrom & Di Fulvio 2018). Additionally,
different operational environments and the characteristics of the raw material have an effect
on chipping productivity (Roser et al. 2012). In Finland, the share of roadside chipping out
of all forest chip raw materials in 2017 was 54%, whereas the share of chipping at a
terminal was 33% during 2016, while chipping at a plant accounted for a share of 12% in
2017 (Strandstrom 2018b). When looking at the main sources of forest chips, small
diameter trees and logging residues, the importance of roadside chipping becomes even
more obvious. For small-sized trees, the share of roadside chipping in 2017 was 48%, while
for logging residues the share was 81% (Strandstrém 2018b).

For long-distance transportation, the largest share of forest chips are transported by
road, while train transportation only becomes a cost-competitive alternative in Finland for
long transportation distances of about 135- 165 km (Tahvanainen & Anttila 2011).

The role of terminals in the supply of forest fuel has been increasing in the Nordic
countries, e.g. in Finland where an increasing importance was indicated in a study based on
questionnaires by Kérhd (2011). In Sweden, Kons et al. (2014) presented the important role
of terminals in Sweden where small terminals of less than two hectares handled more than
50% of the country’s total forest biomass output. In Finland, the share of chipping of small-
sized trees at a terminal has grown from an average of approximately 20% during 2004-
2016 to 41% in 2017, and for logging residues it reached 11% in 2017 (Strandstrom
2018b). This was despite the additional costs created through their establishment and
operation (Virkkunen et al. 2016).

An important aspect of forest chip supply chains is the fuel quality, since it affects the
efficiency of energy conversion at the end-using facilities. There are several factors
affecting fuel quality depending on source of the biomass and the techniques applied for
comminution, handling and storage, whereby quality is affected by properties such as the
moisture content (MC), heating value, energy density, foliage content, ash content, specific
emissions of CO; and particle size (Hakkila 2004). There has been a major focus on the
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control and modelling of moisture content as the most important single quality factor — with
effects on the heating value, storage properties and fuel transport costs (Hakkila 2004). MC
has a large effect on various stages of the supply chain and creates supply costs; especially
transportation costs (Ghaffariyan et al. 2017). Conversely, the drying of wood can increase
transportation productivity by up to 50% (Stampfer & Kanzian 2006). Kanzian et al. (2016)
also highlighted the effect of the moisture content on supply costs and CO, emissions,
whereby with a high MC the payload is the limiting factor in transportation.

Consequently, recent research efforts have been made towards weather-based moisture
content modelling, e.g., Lindblad et al. (2018), who used weather data for estimating the
moisture content of energy wood. Prediction models for estimating the moisture content of
fuel wood stacks when drying outdoors during storage were validated for logging residues
(Routa et al. 2016) and small diameter trees (Routa et al. 2015). In addition, dry matter
losses and their related economic affects have been a focus of a recent study. Routa et al.
(2018) stated that economic losses may reach 4 to 17% of the energy wood procurement
costs, depending on storage time, raw material and dry matter loss rate. Acuna et al.
(2012a) showed that both, the proportion and volume of biomass material delivered to a
CHP plant are very sensitive to MC range limit specifications and the drying period. Laurén
et al. (2018) recently presented a moisture and dry matter loss simulation and optimisation
method to improve the financial performance of solid forest fuel supply, with the result that
cost savings can be achieved by arranging the transportation sequence. The particle size of
the chips has an effect on the performance of chippers, whereby an increased chip target
length increases chipper productivity and reduces fuel consumption (Eliasson et al. 2015).

1.3 Machine development and legislative changes

Efficiency has increased through mechanisation (Berg and Karjalainen 2003). With
equipment able to increase productivity and reduce costs as well as fuel consumption
(Spinelli et al. 2014a), the demand for forestry equipment is increasing on a global scale
(Freedonia, 2015).

Concerning the technology used in biomass supply chains, the rapid development of
technology used in large-scale forest operations has been seen (Nordfjell et al. 2010).
Junginger (2005) presented a method using the experience curve approach describing the
development of technologies and learning mechanisms behind cost reductions. Several
specific innovative technological developments or trends have been also presented in the
recent literature, e.g., autonomous vehicles by Hellstrom et al. (2009), the integration of
informatics with harvesting technology and sensing technology by Vanclay (2011), robotic
devices in forestry by Parker et al. (2016), or remote controlled and autonomous machinery
by Visser (2018). In their review of technological innovations, Lindroos et al. (2017)
focussed on the main patterns of technological change in mechanised timber harvesting and
the authors highlighted the continuous role of technological adaptation to local needs
depending on complex and variable conditions. Nevertheless, the innovation potential is
considered to be smaller on an operational level compared to that on the tactical or strategic
level (Rauch 2013).

Because mechanised forestry equipment has increased productivity, this requires more
power, which is also reflected in the fuel consumption. However, machine development has
continued over the past few years also towards improvements in efficiency. The
rationalisation of small-diameter energy wood supply chains to improve efficiency was
studied by Petty (2014). Erber & Kiihmaier (2017) analysed research trends over ten years
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(until 2017) in fuelwood harvesting and showed a shift towards the improvement of
efficiency of the machines used. Regardless of the final product, such as logs, pulpwood or
energy wood, key performance indicators in forest harvesting operations include energy
savings, the reduction of greenhouse gas (GHG) emissions and machine efficiency. Forest
operations account for the majority of emissions throughout the wood value chain, even
though the fossil fuel energy consumption in forest bioenergy supply chains varies between
2% and 3% of the energy in the delivered forest biomass (Wihersaari 2005, Routa et al.
2011). The total emissions from forest operations on a global level are roughly estimated to
range from 18 to 44 Tg of carbon dioxide per year (Marchi et al. 2018).

Within mechanised wood harvesting systems, fuel consumption is the main energy
input and may account for 82% of the total (Klvac et al. 2003). Fuel consumption of CTL
harvesters represents 38% of the total fuel used in the technological cycle, which is higher
than that consumed during forwarding (35%) and transportation (27%) (Lijewski et al.
2017). Additionally, the strong influence of the road transport distance on the primary
energy input in forest energy supply chains was highlighted through scenario analyses by
Lindholm et al. (2010). The authors used the balance of energy to evaluate the energy
efficiency of forest energy production systems. Furthermore, throughout the forest energy
supply chains the comminution phase is another key element wherein fuel costs represent
approximately a third of the total comminution costs (Laitila et al. 2015). Systems with low
GHG emissions, consideration of energy effectiveness and chipping sustainability are key
areas for development mentioned by Prada et al. (2015). Eriksson et al. (2013) stated that
the use of efficient power sources and reduction of the power required during idling would
improve the energy efficiency of comminution.

Hybrid systems are a good example of machine developments which offer an alternative
to purely electric or diesel operations. Hybrid systems are systems that can use more than
one power source, although typically only a single primary power source exists (Einola
2013). Immonen (2013) stated that through electric hybridisation, the energy efficiency of
diesel-driven working machines can be improved, since for most of the working time diesel
engines operate at poor efficiency. Hybrid systems, instead, are capable of storing excess
energy generated by the diesel engine during periods of low loading for use during peak
loading times (Sun et al. 2010, Einola 2013, Eriksson et al. 2013, Di Fulvio et al. 2015).
Additionally, with the right combination of parameters and machine setup, the operational
efficiency of the entire supply chain can increase (Réser 2012). Thus, the selection and
dimensioning of the hybrid system is crucial as it has a significant impact on energy
consumption (Immonen 2013). Hybrid technology was taken into account in various types
of machine technology development, for example, a hybrid-electric harvester was
developed (Johnsen 2017).

Motivated by a reduction of GHG emissions and to achieve cost reductions, legislative
changes in dimension and weight limitations for trucks in 2013 and thereafter have been
implemented in Finland. These changes have affected the transport units used in the wood
fuel supply chain (Karttunen et al. 2013, Korpilahti 2015, Road Traffic Act 2013).
Maximum dimensions and weight limits define the permissible payloads of trucks, and the
changes in legislation allow higher gross weights and higher vehicles, from previously
4.2m to now 4.4m in new legislation (Road Traffic Act 2013), thereby increasing the load
space. The legislation allows truck-trailer physical dimensions with a total vehicle length of
25.25 m, a width of 2.55 m and a height up to 4.4 m. For semitrailers, the maximum total
vehicle length is 16.5m (Road Traffic Act 2013). For truck-trailer combinations above 44
tonnes, a prerequisite is an engine power for the truck of at least 5 kilowatt per tonne of the



15

total weight of the truck-trailer combination; also the distance between the axles is specified
in the legislation (Road Traffic Act 2013).

Transportation processes have the potential to become more efficient when truck
configurations are adapted to operational and legal requirements and by taking MC
management into account (Kithmaier & Erber 2018). Consequently, the development of
machinery for timber and wood fuel transportation can be seen through a wider available
range of trucks and trailers as well as their combinations, with varying load capacities and
specifications (Laitila et al. 2016). A common unit in the forest industry is the 60-tonne
truck-trailer combination with a three-axle truck unit hauling a four-axle trailer unit. This
truck option is proven under current road conditions. In addition to the 60-tonne truck-
trailer combination, the new regulations allow eight-axle 68-tonne and nine-axle 76-tonne
truck-trailer units. The 68-tonne and 76-tonne truck-trailers, however, require twin tyres for
at least 65% of the trailer axle’s weights, without these the maximum weight limits are
lower at 64 and 69 tonnes, respectively (Road Traffic Act 2013). These truck-trailers are
available and are also used for timber transportation. In temporary limited and defined
cases up to 104-tonne heavy units can also operate. Similarly, high capacity 74 tonne and
90 tonne (HCT) trucks for timber transportation have also been demonstrated in Sweden
(Fogdestam and Lofroth 2015).

In forest fuel supply, larger truck alternatives, such as the 69-tonne truck-trailer unit or
the 76-tonne truck-trailer option, are mainly used when transporting forest industry by-
products such as sawdust, sawmill wood chips or bark. The truck alternatives are limited
for forest woodchip transportation operations from roadside landings to end-use facilities
under typical Finnish supply conditions. While larger truck alternatives have advantages in
terms of their load capacities, high-capacity trucks are less flexible on small, narrow forest
roads typically used during forest chip supply operations. Two main alternatives to this unit
are available: semitrailers and a 69-tonne unit with an electronic trailer steering (ETS)
system with a steerable axle at the rear end of the trailer. While semitrailers are a very
common type of truck with a total permissible weight of 48 (five axles), or 52 tonnes (at
least six axles), a 69-tonne unit with an electronic trailer steering (ETS) system offers a
high load capacity, while still being capable of operating in typical forest supply conditions
due to its technical specifications.

Another development trend nowadays is the ability of forest machines to collect large
amounts of data during operations (Olivera & Visser 2016). This development offers new
opportunities to utilise this data for performance improvements, for example, through data
mining, or the development of methods and models, or for use in machine optimisation
similar to that developed in the manufacturing sector (Liang et al. 2018).

1.4 Energy efficiency

In general, “energy efficiency refers to the amount of output that can be produced with a
given input of energy” (EPRS 2015). The EU Energy Efficiency Directive uses the broader
definition of: “‘energy efficiency’ means the ratio of output of performance, service, goods
or energy, to input of energy” (EPRS 2015).

Patterson (1996) addressed the problematic of possible energy efficiency definitions and
stated “energy efficiency refers to using less energy to produce the same amount of services
or useful output”.

The Commission of the European Communities (CEC) named its green paper on energy
efficiency correspondingly “Energy Efficiency or Doing More With Less” (CEC 2005).
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According to this document, the key barrier to increasing energy efficiency is a lack of
information, e.g., on the costs and availability of new technology or energy consumption.

Energy efficiency indicators (EEIs), more generally energy performance indicators,
provide links between energy use and relevant monetary or physical indicators which
measure the demand for energy services (Ang 2006). Patterson (1996) noted that that
energy efficiency is a generic term without unequivocal quantitative measures and stated,
“Instead, one must rely on a series of indicators to quantify changes in energy efficiency.”
Ang (2006) furthermore notes that physical-based indicators are calculated by relating
energy consumption to an activity indicator, which is given in a unit closely associated with
the way energy is consumed, which varies between different end-uses.

In transportation and forest fuel supply operations, fuel consumption is typically used to
measure energy consumption, expressed for example in litres per 100 kilometres or litres of
diesel consumed per effective machine hour. According to Magagnotti & Spinelli (2012),
“Direct energy consumption is normally measured by recording fuel consumption and then
converting it to energy units through a constant that represents the energy content of the
fuel.” The authors also state the importance of input data from fuel consumption studies to
include engine details (engine model, make, manufacturing year and displacement), fuel
used during study (litres, kilograms) and the amount of output (e.g., the biomass produced)
during the study, as well as relevant additional details (duration of study, emissions etc.). In
contrast, fuel economy is a standard measure of the rate of motor vehicle fuel consumption
expressed over the distance travelled per unit of fuel consumed for that distance, e.g.,
kilometres per litre. However, fuel economy is an imprecise measure of energy efficiency
not taking attributes into account that may affect the value of a vehicle’s services such as
vehicle mass, passenger or cargo capacity, engine power etc. (Cleveland & Morris 2015).

Physical-thermodynamic indicators of energy efficiency with outputs measured in
physical units are useful, however, they are limited to comparisons with the same end use
service and they are therefore restrictive (Patterson 1996). For macro-level policy analysis
especially, economic-thermodynamic indicators, usually based on GDP, are more useful
(Patterson 1996). In this regard, Ang (2006) notes, “Defining this manner, energy
efficiency reflects factors other than ‘true’ energy efficiency given by thermodynamic
indicators.” Proskuryakova & Kovalev (2015) presented an analysis of existing energy
efficiency indicators (EEI) showing a discrepancy between the engineering concept of
energy efficiency based on the thermodynamic definition and macroeconomic
understanding of energy efficiency, the energy intensity. The authors suggest a new set of
EEIs following a consistent hierarchy of parameters (Figure 2) defining various levels,
starting at a physical level and reaching the macro-economic level, although the industrial
and macroeconomic levels were not described in more detail (Proskuryakova & Kovalev
2015):

- Physical level — indicators on this level reflect the efficiency of physical processes
such as combustion, heat transfer or throttling.

- Technological level- indicators reflect multiple physical processes where each
operation is described with a physical level indicator and the process as a whole by
a technological process.

- Enterprise level — this level integrates all technological indicators of an
organisation and they may include several technologies.
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Figure 2. End-to-end hierarchy of energy efficiency indicators according to Proskuryakova &
Kovalev (2015).

In forest biomass supply, the state-of-the-art forest technology and available forest
machinery effects directly the physical and technological levels, while indirectly also the
enterprise level and industrial level through the existing biomass supply chains.

Marchi et al. (2018) recently provided a comprehensive overview regarding
sustainability of forest operations where the authors state that fuel efficiency is a key factor
for reducing the environmental impacts in logging. One method to determine energy
efficiency or environmental impacts applied to the forest fuel supply is the life cycle
assessment (LCA) method. LCA is a tool for a holistic assessment of environmental
impacts of product or service systems and is widely recognised in various industries and it
is well-documented, e.g., in ISO standards (Filimonau 2016). However, it is not yet as
widely used in forestry as it is in other fields (Puka et al. 2017). LCA looks at the entire life
cycle of a product, process or activity, e.g. from extraction of raw materials to
manufacturing, use, and the end of life (Puka et al. 2017). While LCA enables the
understanding of environmental impacts and quantifies environmental performance
indicators, most LCA studies in the field of forestry rely on fuel consumption to measure
the direct process energy consumption (Heinimann 2012). LCA studies vary in their
methods for defining system boundaries, processes, functional units or allocation
assumptions for areas such as production rates and the fuel consumption of machines (Klein
et al. 2015). As an example, based on productivity and fuel consumption data, Prada et al.
(2015) used LCA methodology to estimate CO, emissions of three chippers in Spain.
Throughout the entire forest supply chains, LCA studies can also provide useful
information on “hotspots” of emissions (de la Fuente et al. 2017). The energy requirements
and environmental impacts of timber transportation were studied by Lindholm and Berg
(2005) using LCA with assumed average annual data values for fuel consumption of
companies. Nevertheless, the data used in the LCA processes is based on existing data, e.g.,
primary data from the literature. Such data then again can be based on studies, such as work
studies or follow-up studies focussing on the energy consumption during operation,
typically in form of fuel consumption, using either direct fuel measurements or machine
data (e.g. Lijewski et al. 2017, Holzleitner et al. 2011a, b, Klvac and Skoupy 2009,
Athanassiadis et al. 1996). Thus, “reliable measurements of the energy used for the supply
of energy biomass are crucial to the compilation of life cycle analysis (LCA) studies, and
ultimately to the compilation of policy suggestions” (Magagnotti & Spinelli 2012).

In order to substantially reduce adding carbon and emissions to the atmosphere causing
global warming, energy efficiency is of high importance and has therefore politically been
addressed on various levels. As a consequence, legislative changes have been implemented
in Finland (Road Traffic Act 2013) which aim to improve efficiency and machine
development to reduce environmental impacts. New machines have been designed
particularly to reduce energy consumption and to exploit the benefits of the legislative
changes (see Korpilahti 2015). Thus, the efficiency of operations throughout the forest
supply chain, and the performance of machines, as well as the entire system in terms of
energy consumption are key areas of interest to be investigated (see, e.g., Haavikko et al.
2019, Borz et al. 2017). The concept of energy efficiency is therefore considered suitable
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for the examination of forest biomass supply chains because machine alterations may
improve the relationship between the amounts of product output that can be produced with
a given energy input. Reliable data on the energy efficiency gained from such innovative
designs can be used for added analysis (see, e.g., Magagnotti & Spinelli 2012) as well as
for further machine development. New machine designs and their integration into the
overall biomass supply chain might then show environmental and efficiency benefits. The
re-design of organisational structures within the supply chain might be another measure to
improve the overall performance and the energy efficiency of operations within the forest
energy supply worth investigating. The concept may thereby also provide concrete
measurable performance indicators for the further development and evaluation of forest
biomass supply chains.

1.5 Work study and discrete-event simulation (DES)

In order to investigate the relationship between resource inputs, e.g., in form of energy,
capital or human resources, and the output of a machine or system, the machine
performance needs to be investigated. The machine performance should be considered first
without interaction with other machines using suitable methods such as work studies.

The role of work studies in the field of forest engineering has been recently summarised
by Kosir et al. (2015). In their work the authors conclude that the main purpose of work
studies was the improvement of operational efficiency. While the work study concept had
already been developed by around 1900 by Taylor, forest work studies play an important
role also today, although their focus have changed from wage setting towards system
optimisation, and they have been adapted to new priorities and a wider scope (KoSir et al.
2015). An important step of work studies in forestry was the work on basic concepts for the
time measurement of work presented by Bjorheden (1991) which provided a basis for an
internationally agreed way of comparing time study reports. Basic methodologies and
theories of forest work studies (Harstela 1991, 1993) and a nomenclature of forest work
studies (Bjorheden 1995) were then added to earlier efforts. With the aim of harmonising a
work study protocol, the outcome of a network of scientists in forest engineering was
presented in form of good practice guidelines by Magagnotti & Spinelli (2012), which has
contributed to a common understanding within the field of forest work studies (Magagnotti
et al. 2013). Furthermore, a simple study design facilitating replication was highlighted by
Spinelli et al. (2013) with regards to the accuracy of elemental time studies by different
researchers, regardless of the method. A typically used method is the continuous time study
method (Harstela 1991). A detailed study on the possibilities of automatic and manual
timing in time studies, especially on harvester operations, was presented by Nuutinen
(2013), and the author also presented a new process-data model of harvester operation for
automatic time studies. In addition, Brewer et al. (2018) compared two data collection
methods, a manual time study and a follow-up study using computer records in harvester
productivity modelling. Direct energy consumption in work studies is usually measured by
the fuel consumption, which is then converted to energy units; depending on the goal,
studies can be carried out at various levels of resolution (Magagnotti & Spinelli 2012).

Several studies have involved optimisation approaches applying different analytical
methods as part of operations research (OR). Different mathematical methods can be found
in recent literature which were applied to the topic of woody biomass supply chain
optimisation. A summary review of studies using deterministic and stochastic mathematical
models on value chain optimisation for bioenergy production was presented by Shabani et
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al. (2013). Also Koirala et al. (2018) presented a review of research including optimisation
focussing on secondary transportation. Among the applied methods are for example mixed
integer programming (MIP) models. Marques et al. (2018) investigated the planning of
woody biomass supply for tactical decisions under variable chips energy content. Therefore
the authors developed a MIP model to optimally solve biomass supply chains in hot
systems in Finland. Gautam et al. (2017) presented a novel multi-period MIP model to
assess the feasibility of incorporating a terminal for biomass supply chains. Their model
takes biomass quality, seasonality and supply restrictions related to weather into account. A
coupled approach of MIP with a network algorithm was developed and presented by Han et
al. (2018) to optimise biomass feedstock logistics on a tree-shaped road network.

Other optimisation approaches include linear programming (LP); this method was for
example applied by Sosa et al. (2015) to optimise biomass supply chain logistics including
the moisture content and two truck configurations in two supply chain scenarios in Ireland.
A coded LP technique was applied by Palander & Voutilainen (2013) for modelling fuel
terminals in forest biomass supply in Finland. Ko et al. (2019) presented a mixed integer
linear programming model in their biomass transportation optimisation study. Their model
uses region-specific data to minimise sustainable transportation costs. A nonlinear mixed
integer programming method was used by Shabani & Sowlati (2013) to optimise the supply
chain of a power plant based on forest biomass. Other optimisation methodologies
presented in the literature includes Simulated Annealing and a Domain Model presented by
Acuna et al. (2012b) for optimising transport efficiency and costs in wood chipping
operations in Australia. An integrated optimisation model was presented by Akhtari et al.
(2018) for integrated strategic and tactical biomass supply chain decisions, whereas Malladi
et al. (2018) developed a decomposition-based approach for optimising short-term logistics
of forest biomass.

Methods of operation analysis often include simulations when a problem is too
complicated to be solved by analytical methods (Harstela 1993). Simulation has been
compared with other procedures of operations research (OR), but while analytic methods of
OR offer algorithms for solving a problem, simulation models are unique and tailored for a
specific problem with the aim to find answers to specific questions (Asikainen 1995). A
general characteristic of supply chains in biomass sourcing are the complexity and highly
dynamic network due to unpredictable simultaneous interactions, which makes it difficult
to solve optimally (Kogler & Rauch 2018).

The high degree of machine dependency of a “hot” system has an effect on the
efficiency, and a proper balance in machine capacity is essential (Eriksson 2016). A
simulation model is compiled to imitate reality, thus simulation allows testing various
decision-making scenarios without disturbing the real system. In some cases “simulation is
the only method that can be used to experiment with new policies, ideas or organization of
the work™ (Asikainen 1995). Accordingly, “simulation is a powerful tool for the evaluation
and analysis of new system designs, modifications to existing systems and proposed
changes to control systems and operating rules” (Carson II 2005).

Discrete event simulation (DES) was developed starting in the 1960s and 1970s (Banks
et al. 2010), and in Finland it was used in forestry for the first discrete-event simulation
model on timber harvesting systems developed by Seppéld (1971). Asikainen (1995) used
the DES method in his doctoral dissertation concerning a forest chip supply system. To
date, several research papers and decision support systems have used DES in this field (e.g.,
Asikainen 1998, 2001, 2010, Talbot & Suadicani 2005, Belbo & Talbot 2014, Eriksson et
al. 2014a, 2014b, 2017, Karttunen et al. 2013, Zamora-Cristales et al. 2013, Spinelli et al.
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2014b, Windisch et al. 2013, 2015, Eliasson et al. 2017, and Gronalt & Rauch 2018). The
DES approach as a main method in forest biomass supply chains was applied additionally
in a few doctoral theses, most recently in Sweden by Eriksson (2016) on the efficiency of
forest fuel supply chains, and in Finland by Windisch (2015) on process redesign, and
Vaatdinen (2018) on the development of forest chip supply chains for the redesign of
supply operations and logistics. Asikainen (1995) and Viitdinen (2018) have provided
detailed introduction to DES as a study method in this field including for instance
simulation structures, components, evaluations and applications. Recently, a literature
review on DES concerning multimodal and unimodal transportation in the wood supply
chain was presented by Kogler & Rauch (2018). The authors provide comprehensive
analyses of articles where DES was applied to wood transport. The authors, moreover,
highlight the advantages of DES compared to other general simulation approaches such as
Monte Carlo Simulation, System Dynamics or Agent-Based Simulation. Such advantages
include the availability of powerful software, the model structure and an intermediate
abstraction level which make DES suitable for the modelling of supply chains close to the
system in reality (Kogler & Rauch 2018). A common key aspect of DES highlighted in
several studies is the importance of model documentation, verification and validation
processes (Balci 1994, Carson I 2005, Sargent 2007, Kogler & Rauch 2018). In summary,
DES is considered a useful method in the modelling of biomass supply systems since
internal interactions and random occurrences are expected within such a complex system or
subsystem (Banks et al. 2010), and in particular within “hot” biomass supply chains.

1.6 Objectives and research questions

The aim of the thesis was to identify and define the magnitude of possible improvements of
fuel economy and energy efficiency of the forest chip supply system by modifying the
settings of CTL harvesters, introducing a hybrid chipper, in addition to introducing
alternative supply systems through the use of a feed-in terminal, and an analysis of forest
chip supply systems under selected operational and environmental conditions. The overall
objectives covering individual machines were to identify whether the modification of
machine settings has an effect on the fuel efficiency of CTL harvesting machines and to
investigate if hybrid machine technology can improve the fuel consumption and energy
efficiency of chipping operation in forest chip production. The objectives covering the
forest chip supply system include a quantification of the effect of terminal operations on the
overall supply cost as an alternative to the direct supply of forest chips. Furthermore, it was
an objective to define and identify the effects to overall supply cost and efficiency of the
supply system when applying different types of chipper and truck-trailer combinations.

Figure 3 presents the schematic outline of the concept of this thesis to improve energy
efficiency and fuel economy throughout the forest chip supply chain. Thereby, the thesis
addresses several levels of improvement and includes studies on harvesting, chipping at the
roadside, and road transportation of chips directly to the end-using facility or through a
feed-in-terminal.
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Figure 3. Schematic outline of the thesis concept to improve energy efficiency and fuel
economy throughout the forest chip supply chain.

Article 1 focusses on harvesting as the first step in the biomass supply chain by
improving the machine performance regarding fuel efficiency by altering the settings of CTL
harvesters. The second article examines the energy efficiency and fuel consumption at the
comminution phase with the introduction of a hybrid machine technology. Article III
concentrates on the cost efficiency of the sequence of sub-systems. They range from
chipping at the roadside, transportation of chips directly to the end-using facility (CHP plant)
or alternatively via a terminal. The fourth article investigates the costs and efficiencies of the
forest chip supply system including roadside chipping and chip transportation to the CHP
plant when applying logistical changes through the use of different types of chipper and
truck-trailer combinations. Overall, within the defined scope throughout the forest biomass
supply chain and specific improvement level, each individual case study aims to find
solutions to increase energy efficiency and to improve the fuel economy.

The objectives can be divided into following four specific research questions:

1) Can the modification of machine settings have an effect on the fuel efficiency of
CTL harvesting machines?

2) Does hybrid machine technology improve the fuel consumption and energy
efficiency of chipping operation in forest chip production?

3) What is the effect of terminal operations on the overall supply cost and efficiency
of the supply system as an alternative to the direct supply of forest chips?

4) What is the effect on the supply costs and efficiencies when applying different
types of chippers and truck-trailers?
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2. MATERIAL AND METHODS
2.1 Study setting

The overall objective of the thesis was to improve fuel economy and energy efficiency of
the forest chip supply system based on four individual cases. Each of the cases dealt with
practical issues or concrete problems in the forest chip supply with the aim to answer the
specific research questions.

The analysis of case studies involving individual machines on the one hand, and the
entire forest chip supply system on the other hand, required the use of two study methods,
work study and simulation. Work study was used as a study method for investigating the
performance of individual machines and their alteration. The simulation method was used
for investigating the redesign of organisational aspects of the forest fuel supply system
when introducing a feed-in terminal, and for investigating logistical changes in the form of
chipper and different-sized truck alternatives due to machine interdependencies in the fuel
supply chains.

The schematic chart in Figure 4 shows the focus of the individual studies in the forest
chip supply chain. In the context of the thesis, harvesting was considered a grouping of
felling/cutting and off-road transportation/forwarding. Harvesting was not specifically
separated from forwarding due to the fact that CTL machinery is commonly used with
expected analogous machine behaviour, e.g., concerning the fuel consumption per unit
product. Other steps in the supply chain included the comminution of the wood material,
transportation of chips to a terminal and terminal handling in cases when a terminal was
used, as well as transportation of chips to the end-using facility. The costs of the raw
material, e.g., wood chips, and the related selling or purchasing actions were not
considered; instead, depending on the articles, only supply and unit costs for sub-systems
were considered.
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Figure 4. Schematic chart showing the focus and methods of the individual case studies in
the forest chip supply chain.

Within the biomass supply system there are different levels enabling energy efficiency
improvements at the various steps of the supply chain (see Figure 3). When joining them
with the different energy efficiency indicator levels (see Figure 2), a framework of the
thesis was obtained as shown in Figure 5. The physical level of energy efficiency was
examined following machine alteration by modifying machine settings and using hybrid
chipper technology. The technological level was observed by examining machine settings,
an alternative hybrid technology chipper and variations in truck size options. The energy
efficiency on the enterprise level was investigated by examining various means of
organisational redesign by looking at terminal options and alternative supply systems. The
industrial level was studied by examining the supply costs when investigating terminal
usage and alternative supply systems. Thus, with the exception of the macroeconomic level,
all levels were comprised in study cases. The framework of the thesis includes several
performance and energy efficiency parameters within the examined levels.
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Figure 5. Framework of the thesis including performance and energy efficiency parameters
applied in the thesis adopted and modified from Proskuryakova & Kovalev (2015).

Thus, the thesis summarises the findings of the presented cases focussing on the key
steps of the forest chip supply chain. The thesis uses the work study method, machine data
collection, and manual time study, as well discrete-event simulation (DES) to analyse and
report the performance and the effects of individual changes on the overall supply system
performance. Overall, all individual case studies aimed at solutions to increase energy
efficiency or to improve the fuel economy. If successful, they may effect and thereby
improve the state-of-the-art forest technology and forest chip machinery and influence the
performance of existing forest chip supply chains.

2.2 Work studies (Articles I & IT)

2.2.1 Work study methodology

The first two case studies (Articles I & II) aimed at examining the relationship between
energy inputs primarily through fuel consumption and machine output in form of the
machine performance. The scope of the studies were to examine the performance of single
machines under real working conditions without interaction with other machinery. As a
proven and suitable method for such study objectives, the work study methodology was
considered. Work studies were considered useful to investigate the performance of
machines in the biomass supply chain under real conditions through experiments, e.g.,
when alternatives are compared. The possibility to use analytical tools for answering the
specific research questions under given conditions also supported the use of this
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methodology. Work studies include several essential steps in the process (Magagnotti &
Spinelli 2012):

1. First, the problem must be defined as there are several options for the relationship
between input and output as well as the influence of other variables (nuisance).
These input-output relationships can involve the energy, time or mass of a product,
among others.

2. Second, the goal and hypothesis should be stated. Typically there is a separation
between comparative studies and modelling studies, although studies may include
elements from both. While comparative studies focus on operational alternatives
such as different machines, modelling studies investigate the effect of continuous
variables, such as tree size.

3. Third, the experimental design to plan the study to meet the set objectives. This

step includes the control of the nuisance variables through constant keeping,

randomisation or inclusion. This step also includes how the collected data should
be analysed. The experimental characteristics are either observational where
variables affecting the output cannot be controlled, or experimental where the

variables are controlled. Comparative studies normally use a factorial design (a

certain number of repetitions for treatment and block combinations), while

modelling studies focus on actively selecting nuisance variables of interest within

a certain range.

Fourth, in this step the study layout and objects are designed.

Fifth, the time study method and tools are selected.

It is recommended to choose and check the statistical methods at this point.

A checklist of field work helps to prepare the work in the field.

The selection of a suitable study site for the study is important; the preparation of

the site also belongs to this step.

In this step the study is carried out. This might include a recommended pre-study,

which then again might affect the further refinement of the study layout and

objects and subsequent steps until the actual study is carried out.

10. Once the data has been collected, the next step contains the data processing.

11. In this step the statistical analysis is performed. The statistical analysis and the
techniques used are usually closely linked to the study type.

12. Finally, the reporting of the study must be done.

X NN

e

Work studies focussing on energy use need to reliably measure the energy input;
depending on the goal of the study, the measurement resolution of fuel consumption studies
can vary between a) continuous, b) operation or shift level, c¢) daily or weekly, as well as d)
monthly, quarterly or yearly levels (Magagnotti & Spinelli 2012). Specific energy use is
equal to the energy input per product output, whereby the product output is measured using
various units such as the solid volume, bulk volume, fresh weight, dry weight and their
respective measurement techniques (Magagnotti & Spinelli 2012). In the applied cases, the
work studies included the utilisation of machine data and time study data. While time
studies can be carried out using different techniques and various technical measurement
devices, a commonly used method is observation using a stop-watch or devices with similar
timing principles. Additionally, video recording can be used for time studies; the recorded
data can then be analysed for time elements, e.g., using software developed at the Natural
Resources Institute Finland (Niemisto et al. 2012, Nuutinen et al. 2016). Video was
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recorded as a back-up substitute of operations in both the studied cases in parallel to the
machine data collection and time study measurements, although it was not used for further
analysis.

The first case study utilised machine data for investigating the effect of altering the
machine settings on the performance of CTL harvesting machines under real working
conditions. The study primarily looked at resource input in form of fuel consumption per
unit product. The main performance parameters were collected by the machine’s own on-
board-computer (OBC). In addition to the continuous high-accuracy instant data collected
by the harvesters, fuel consumption was manually measured when re-fuelling the machines
(at a shift level). This data was then utilised by applying a correction factor to the
machine’s OBC data on fuel consumption. The product output in form of solid volume was
measured and provided by the harvester’s measurement system.

The second case study looked at an innovative machine by examining a prototype of a
hybrid technology chipper. With the aim of investigating the performance of the machine
(at an element level), time studies were conducted applying the continuous timing method
(Harstela 1991, 1993). In this comparative study, the performance of the prototype chipper
was then related to two conventional chippers under similar circumstances. The
productivity of all the studied chippers were based on the time study using the effective
working time (Eoh) and weight measurements of loads using scales at the end-using
facilities. Fuel consumption was measured on a shift level and connected to the production
figures. The time study was conducted manually using hand-held computers without
disturbing the regular work routine of the machine operators. The time study considered the
chipping operation from loading the raw material onto the chipper’s feeding table with its
crane up to the chipping phase where the chips are directly blown out of the chipping unit.
Chip samples were taken for further quality analyses. The energy efficiency and fuel
economy calculations were performed based on the machine’s nominal engine power and
the fuel consumption, as well as the productivity data gained through the experiments.

2.2.2 The effect of machine settings on fuel consumption (Article 1)

The case study examined the possibility of reducing fuel consumption of CTL harvesting
machines by applying various technical settings to the machine. The simple adjustments of
the machine settings through the machine’s own software package included a set of
parameters for each scenario case.

The case scenarios studied under real working conditions included three main settings,
the business-as-usual (BAU) setting, the ECO setting (aiming at a reduction of fuel
consumption), and the POWER mode (aiming at maximum production). Each of the three
modes was tested in three different CTL machine types (Table 1) under comparable stand
environment and silvicultural prescriptions.

Machine data was used for collecting relevant performance parameters added by the
manual measurement of fuel consumption to calculate a correction factor for the data
collected for each machine and setting. The machine data included the collection of key
parameters including the fuel consumption, stem number, harvest volume in solid cubic
metres and engine load factor.



Table 1. General characteristics of the harvesters.

Harvester Beaver

Scorpion

Ergo

Make and model Ponsse Beaver

Ponsse ScorpionKing

Ponsse Ergo

Wheels 6 8 6

Power [kW] 150 210 210

Engine model Mercedes-Benz Mercedes-Benz Mercedes-Benz
/MTU OM 934 LA OM936 OMO936LA
EU Stage IV EU Stage IV EU Stage IV

Harvester head model H5 H6 H7

Crane type C44+ C50 C5

Typical weight [kg] 17,500 22,500 20,000

Engine’s maximum 800 1,150 1,150

torque [Nm]

Tractive force [kN] 130 180 160

The machines’ own data collection system were used for collecting the fuel
consumption to an accuracy of 0.05 litres per hour. Therefore, the instant fuel consumption
at 20 millisecond intervals was used, which represents the current fuel consumption in litres
per hour at the respective time interval (defined as the time between the first and the last
instant fuel consumption readings). Then, the instant fuel consumption was integrated over
its duration. Manual fuel measurements at the end of each trial allowed a correction factor
to be estimated that was then applied to the records from each repetition. CO, emissions
were calculated based on the fuel consumption (EPA 2016).

A statistical analysis was performed on the dataset in order to check the significance of
the differences between the settings and machines. A significance level of a < 0.05 was
applied in the analyses. Data was tested for normality and homoscedasticity before
transformation, regression, ANOVA and non-parametric tests (Mann-Whitney) were
completed.

The tested case scenarios include the machine setting adjustments of each harvesting
machine under CTL operation with the following three main scenarios (Table 2):

e BAU represents the business as usual setting under which the operator would
normally work, and which is adjusted carefully by the operators, typically
optimised for their skills and preferences to obtain highest productivity for the
given machine and conditions.

e ECO represents the economy mode setting where various fuel saving features were
implemented aiming to achieve the lowest fuel consumption in litres per harvested
cubic metre of wood.

e POWER represents a production mode setting where various features to increase
productivity were implemented aiming at the highest productivity.
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Table 2. Specifications for each of the three setting modes for each of the CTL harvester
models.

Beaver Scorpion Ergo
Setting BAU ECO POWER BAU ECO POWER BAU ECO POWER
Engine
Engine RPM [r min] 1,700 1,550 1,750 1,600 1,450 1,750 1,650 1,550 1,750
Harvester head
pump flow
Fast feeding [ min' 215 220 250 300 265 320 366 300 387
Sawing [| min'] 242 210 231 245 245 245 225 225 225
Harvester head
pump pressure
Fast feeding [bar] 280 250 280 280 250 280 280 250 280
Slow feeding [bar] 280 250 280 280 250 280 280 250 280
Sawing [bar] 250 235 250 250 235 250 280 250 280
Base level [bar] 160 130 160 160 130 160 160 130 160
Tilt up [bar] 160 130 160 160 130 160 160 130 160
Engine control
Increase of engine
speed [r min™] 100 60 100 125 0 100 125 50 100
Increase of engine
speed [ms] 500 300 500 500 O 500 500 280 500
Drop of engine speed
when power limitation not not
starts [r min"] 100 80 125 70 used 125 100 used 125
Power limitation
function, decrease of
pump control current not not
[mA] 50 50 50 80 used 60 80 used 60

Each of the three machines carried out a total of five replications for each of the three
machine settings modes, each mode lasting approximately one hour: in total 45 repetitions.

2.2.3 Performance of innovative hybrid technology chipper (Article 1)

The objectives of this case study were to examine the performance of the Kesla C860 H
hybrid technology chipper and relate the results to two conventional diesel-powered
chippers. Productivity, fuel consumption and the quality of the wood chips were measured
and analysed. Manual time studies were carried out in two locations in Finland, and the
chipped material included conifer pulpwood and logging residues.

The case study was conducted under real operating conditions with chipping of the
material at the roadside landing or terminal directly into a truck-trailer or truck container.
Energy consumption, emissions levels and engine utilisation were calculated based on the
collected data.

Time studies were conducted applying the continuous timing method (Harstela 1991,
1993; Magagnotti et al. 2013) dividing the working time into eight work elements (Table
3). The productivity of studied chippers were based on the time study using the effective
working time (Eoh) and weight measurements of loads using scales in form of weigh
bridges at the end-using facilities.



Table 3. Description of work elements.
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Work element

Description of work element

Boom out
Grip

Boom in
Feeding
Adjustment
Pure chipping
Moving and
preparation

Delays

Boom movement from the chipper to the piled material

Gripping of material

Boom movement from the pile to the feeding table

Placing the material into the feed orifice and release of the grapple load

Possible adjustments of the material on the feeding table

Chipping while the timber loader is idle
Repositioning of the chipper to the next pile and preparing the chipper

for chipping work

Time not related to chipping work, but for which the interruption was

recorded

At the roadside landing, the hybrid chipper performance was compared to the results
from a conventional high-powered drum chipper intended for similar working sites. Both
chippers were chipping logging residues originating from a Norway spruce-dominated
mixed coniferous stand operating on the same work site. At the second terminal location,
conifer pulpwood, predominantly Lodgepole pine, chipped with the hybrid chipper was
compared to Scots pine pulpwood from a first thinning chipped with two conventional
chippers, a high-powered truck-mounted drum chipper and a medium-powered tractor-
powered chipper (Table 4).

Table 4. Characteristics of the studied chippers and chipping equipment.

Conventional, Conventional,
Chipper Hybrid

High power Medium power
Chipper model Kesla C 860 H Kesla C 1060 A KeslaC 1060 T
Type truck-mounted truck-mounted tractor-trailer

Base machine
Engine power [kW]
Power transmission
Crane type

Mass chipper [kg]

Intake opening, width and

height [mm]
Knives

Drum diameter [mm]
Drum speed [rpm]

Mesh sieve size [mm]

Volvo FM 440
160

electric drivetrain
Kesla 2112T
8,200

800 x 600

8

860

550-600

100 x 100

Volvo FH 750

559

intermediate transmission
Kesla 1200T

10,200

1,000 x 600

10

860

550-600

100 x 100

Valtra S280
209

power take-off
Kesla 800T
14,800

1,000 x 600
10

860

550-600

80 x 80
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The fuel consumption was measured on shift level by refilling the tank at the same
location before and after the trials. Fuel quality aspects were studied based on chip samples
taken from each load for further analyses in the laboratory according to EN standards
applicable to solid biofuels. Statistical analysis was conducted for the particle size
distribution of the wood chips.

In order to achieve an indicative estimation of the environmental impact, emission
factors were calculated based on the fuel consumption data for the studied chippers
applying the LIPASTO-calculation system (VTT 2017). The energy consumption was
calculated using the average power of the chippers and the effective hourly output.

The engine utilisation was estimated in order to take the estimated utilised engine power
in contrast to the nominal engine power into account. The engine utilisation was applied in
calculating the productivity of the hybrid chipper in oven-dry tonnes (odt) per effective
hour (Eoh) per the estimated utilised engine power (odt Eoh”! kW!) for chipping logging
residues and conifer pulpwood with the hybrid chipper when compared to the conventional
chipper alternatives.

The engine utilisation was estimated using the following equation (Eq. 1):

Fuel consumption X Energy content X Conversion ef ficiency

Engine utilisation = - - @)
Engine power X Time

Where

Fuel consumption = the fuel consumption in litre per odt

Energy content = the energy content of diesel fuel per litre

Conversion efficiency = the ratio between the useful output of the machine engine and

the energy input; typically 38 to 42% for modern diesel engines

Engine power = the maximum engine power output in kW

Time = the time per chipped odt in hours.

An energy content of 9.8 kWh per litre diesel fuel and conversion efficiencies of 40%

for all chippers were assumed in the calculations.

The case study included the chippers’ performance results when chipping logging
residues and conifer pulpwood using the hybrid chipper, a high-powered truck-mounted
and a medium-powered conventional tractor-powered chipper.

Case study analyses included measurements or calculations of productivity, fuel
consumption, time consumption of work elements, energy consumption, engine utilisation
and the emission levels for each of the studied chipper alternatives. The study also
investigated fuel quality aspects in form of the particle size of chips from logging residues
and conifer pulpwood.

2.3 DES studies (Articles ITI & 1V)
2.3.1 DES study methodology

The latter case studies (Articles III & IV) examined the relationship between energy inputs
and the system output in form of the supply system performance. Compared to the single
machines studied in previous case studies, the scope of the case studies in Articles III and
IV included the performance of an entire supply system. The system performance cases
build on the existing fuel supply to a typical CHP plant and include potential new fuel
supply chain alternatives involving terminal operations, the use of innovative chipper and
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vehicle types with their respective practical issues and concrete problems. The cases
especially take the machine interaction between chipper units and transportation into
account. The selected study method for these objectives was the discrete-event system
simulation (DES) methodology. DES, in general, means the modelling of systems where a
state variable changes only at a discrete set of points in time (Banks et al. 2010). DES was
selected as the method for this research work due to the benefits of DES in biomass supply
modelling compared to other OR methods (see Section 1.5). DES also allows various
scenarios to run, and its advantages also include the possibility to simulate informational,
organisational and environmental changes and investigate their effects on the model’s
behaviour. It also provides options to experiment with new designs before implementation
(Banks et al. 2010). Due to the existence of interactions between machines within the
biomass supply system and the occurrence of random impacts, dynamic simulation models
provide consistent results in studying complex supply chains whereas static models may
underestimate the impacts of such interactions, for example, the impact of waiting times
(Asikainen 2010).

The desk-based simulation studies were performed using the WITNESS® discrete-
event simulation software. Common steps in a simulation study are described below (Banks
etal. 2010):

Problem formulation (understandable problem statement)

Project plan and setting objectives (questions to be answered by simulation)
Model conceptualisation (construction of a model)

Data collection (collection of the needed input data)

Model translation (programming of the model or use of purpose-built simulation
software)

Verification (proper performance of the model)

Validation (calibration of the model, compared with actual system behaviour)
Experimental design (alternatives to be simulated)

Production runs and analysis (estimation of measures of performance for the
system design)

10. Additional production runs (additional runs if required after analysis)

11. Documentation and reporting (program and progress documentation)

12. Implementation (involvement of model user)

M.

A S

Since the system performance cases reflected the real environment and were built on an
existing fuel supply example, the system boundaries were defined, and simplifications were
made. In this respect, data and input parameters were preliminary obtained from existing
datasets or literature. Model verification was done following the logic of the model through
a step-wise approach. Validation was carried out by relating the simulation results to
findings from the literature in the field from similar simulation studies or practice, although
comparable studies are available only to a limited extent. The experimental design followed
the objectives of the individual case studies. In order to reach the expected confidence
interval level of key variables, a repetition of runs was required due to the involvement of
stochasticity and machine interdependencies under varying conditions, consequently, each
scenario run was repeated seven times.



32

2.3.2 Simulation cases (Articles Ill & IV)

The first simulation case study (Article IIT) examined the cost effect of introducing a feed-
in terminal to the forest chip supply for a combined-heat-and-power (CHP) plant compared
to the conventional direct fuel supply from roadside storages to the end-using facility. The
simulation model included four supply chains, each including a chipper and two chip trucks
which were supplying logging residue chips directly to the plant in the business-as-usual
direct-supply case (see Section 2.3.4 for simulation scenarios). A terminal (including the
required terminal operation and related extra costs) was added to the supply. In one case,
the suppliers’ chip trucks were used for terminal transportation, while in another case a
separate shuttle truck was added for terminal transports. In addition, the effect of moisture
content, dry matter loss and the terminal location in terms of the distance to the plant were
studied.

The objective of the second simulation case study (Article IV) was to investigate how
vehicle types with an increased chip load capacity and the hybrid chipper would affect the
cost and energy efficiency of the forest chip supply system. Legislative changes in Finland
have increased the permitted dimensions and weights for heavy transport vehicles, which
are essential for the efficiency of wood chip transportation. Suitable alternatives for chip
transportation under typical Finnish conditions from the roadside to the end-using facility
included in this study were a 52-tonne semitrailer truck, a 60-tonne truck-trailer unit and a
larger 69-tonne truck-trailer unit with an electronic trailer steering (ETS) system. Two
chipper alternatives were examined, a hybrid chipper and a high-power truck-mounted
conventional chipper with data input from the results presented in Article II.

2.3.3 Simulation materials

The case study in Article III corresponded to the real situation of the local CHP plant in the
city of Joensuu and roadside locations of spruce-dominated logging residues from final
felling in the region in North Karelia in Eastern Finland. Theoretical distributions of
roadside storage parameters and moisture data were used and the fuel supply was distance
oriented, emphasising shorter distances at times of higher fuel demand at the plant.

The fuel demand of this plant was used based on the typical monthly demand, and based
on this, an additional daily demand variation was added using a theoretical distribution. The
plant’s total demand was 517 GWh. A buffer storage was set for the plant’s fuel reception
with a limit of 6,000 MWh.

Chipping was done using a conventional truck-mounted drum chipper with a
productivity of 50 solid m® per effective hour (E¢h). For the transportation of forest chips
conventional truck-trailer units with a maximum of 64 tonnes, a frame volume of 131.6
loose m* and a load capacity of 50 solid m* were used. A larger truck was used for cases
using a shuttle truck with a total weight of 76 tonnes, a frame volume of 157.9 loose m? and
a load capacity of 60 solid m3. For the feed-in terminal an area requirement factor of 1.2
solid-m* per m? was applied (Impola & Tiihonen 2011, Virkkunen et al. 2015) and a
wheeled loader was used for various terminal operations. Additional details on the machine
interaction parameters, machine costs, fleet and terminal operation factors are introduced in
Article III.

For the case in Article IV, the simulation model presented in Article III with the same
operational logic was applied and expanded through the use of small diameter trees as raw
materials in addition to logging residues and also by adding new truck and chipper
alternatives to the system’s operational environment. For this case study, the terminal
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option was not included and only direct supply from roadside storages to the plant were
used. Similarly to the method used by Windisch et al. (2015), depending on the moisture
content and dry matter weight of the forest chips, the respective load capacities of the
trucks were either limited by the mass of their payload or the maximum volume.

The performance input data of the chip trucks and chippers were defined based mainly
on the literature, or, in case of the hybrid chipper and the high-power truck-mounted
conventional chipper, they were based on the results presented in Article II.

2.3.4 Simulation scenarios

The case study of Article III included scenario comparisons of direct fuel supply from
roadside storages to the plant with terminal operation scenarios. Two alternative business-
as-usual (BAU) scenarios with varying shift settings were simulated for the direct fuel
supply (scenarios 1Al and 1A2). Two terminal scenarios were added; the first using the
existing supplier’s chip trucks for terminal transports (1B), the second applying a shuttle
truck for transports from the terminal to the plant (1C).

Another scenario examined the location of the terminal in terms of the distance between
terminal and plant. In these scenario runs, the distance increased from 5 km, 10 km, 20 km
to 30 km using either the supplier’s trucks (2B1, 2B2, 2B3, 2B4) or a separate shuttle truck
for each distance (2C1, 2C2, 2C3, 2C4).

Scenario runs were completed with the examination of dry matter loss as well as the
moisture change when storing the chipped material at a terminal based on both, literature
and practical assumptions.

The case study in Article IV included five main simulation scenarios, whereby the
business-as-usual (BAU) scenario was the base-line using a one shift operation and a 60-
tonne truck-trailer unit and a traditional, conventional chipper when chipping logging
residues and an average transportation distance of approximately 60 km from the roadside
to the plant.

The second main scenario compared truck alternatives between the 60-tonne truck-
trailer unit, a 52-tonne semitrailer and a 69-tonne truck-trailer unit with an electronic trailer
steering system (ETS) when chipping logging residues with the traditional chipper. The
third scenario focussed on investigating chipper alternatives using the traditional chipper
and the hybrid chipper in its current development stage for each truck alternative. In
addition, one scenario examined the hypothetical case of an improved and further
developed version of the hybrid chipper whereby the productivity was assumed to be same
as for a traditional chipper while having the same lower fuel consumption of the current
hybrid chipper.

The fourth scenario investigated the effect of the transportation distance on the supply
system. Average transportation distances of approximately 20 km to 140 km (in 20 km
steps) were simulated for each truck alternative. The fifth main scenario focussed on the
effects of changing the raw material whereby small diameter trees were added as an
alternative to logging residues.
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3. RESULTS

3.1 The effect of machine settings on fuel consumption (Article I)
3.1.1 Differences between studied settings

The study and the resulting data showed clear differences between machines and machine
settings (Figure 6). The main focus of the case study was on the assessment of the fuel
consumption per unit product for different settings and the results showed a range of 1.02 to
1.48 1 m® on average across all machines. Nevertheless, different machines behaved
differently under various settings (Figure 6). The Beaver and ScorpionKing machines
showed a clear difference for the POWER setting, whereas Ergo showed a relative
indifference to the settings.

The stem size varied between 0.14 and 0.23 m® without a statistical difference in the
mean stem size between settings indicating equal conditions. The statistical analysis
showed the strongest and most significant effect on fuel consumption per unit product
(LOG transformed) for the stem size (ANOVA analysis: p <0.0001), but also a significant
effect for the machine setting (ANOVA analysis: p = 0.0424).

CO; emissions varied between 2.8 and 4.0 kg m™. The productivity results for different
settings differed between the studied machines (Table 5).

Figure 6. Box plot graph of the fuel consumption per unit product (I m=) for the three studied
machines under the three machine settings.
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Table 5. Tree size, fuel consumption, CO2 emissions and relative hourly productivity (BAU
set as 1.0) levels according to the machine and setting.

Fuel consumption CO; emissions Relative

machine setting tree size [m?] [l m3 [kg m?] productivity

Mean (min/max) Mean (min/max) Mean (min/max) Mean (min/max)
Beaver BAU 0.177 (0.110/0.284) 1.024 (0.812/1.401) 2.751 (2.181/3.764) 1.000 (1.000/1.000)
Beaver ECO 0.167 (0.116/0.219) 1.045 (0.862/1.318) 2.806 (2.314/3.541) 0.876 (0.863/1.001)
Beaver POWER 0.150 (0.075/0.200) 1.395 (1.003/2.352) 3.747 (2.695/6.319) 0.831 (0.602/0.868)
Scorpion BAU 0.158 (0.130/0.201) 1.233 (1.045/1.383) 3.313 (2.807/3.717) 1.000 (1.000/1.000)
Scorpion ECO 0.154 (0.089/0.217) 1.192 (0.886/1.691) 3.203 (2.381/4.543) 1.015 (0.714/1.087)
Scorpion POWER  0.140 (0.097/0.182) 1.482(1.210/1.738) 3.980 (3.252/4.668) 0.958 (0.876/1.009)
Ergo BAU 0.206 (0.140/0.298) 1.255 (1.040/1.589) 3.373 (2.793/4.269) 1.000 (1.000/1.000)
Ergo ECO 0.200 (0.114/0.321) 1.254 (0.827/1.755) 3.370 (2.222/4.716) 0.962 (0.725/1.232)
Ergo POWER  0.229 (0.143/0.458) 1.244 (0.771/1.525) 3.341 (2.070/4.097) 1.127 (1.109/1.471)
total 0.176 (0.075/0.458) 1.236 (0.771/2.352) 3.320 (2.070/6.319)
(n=45)

Notes: m3= cubic metres solid volume; min=minimum value; max= maximum value.

3.1.2 Focus on the two extreme settings

The results of the mean values for key performance parameters indicated only a few
differences between the BAU and ECO settings. Consequently, in the next step, the
analysis focussed on the two extreme ECO and POWER settings to investigate the
differences due to these drastically altered approaches. In addition, limiting the analysis to
two choices solved the problem of identifying differences and enabled the use of non-
parametric statistics. Additionally, the Ergo machine behaved differently and in the
opposite direction than the other machines and was thus removed from further analyses.
Results of the ANOVA analysis show significant differences for the extreme settings for
the two remaining machines (Beaver and ScorpioKing) and the stem size (Table 6). In
addition to the performed ANOVA analysis, without the Ergo and BAU data, non-
parametric statistics were performed using the Mann-Whitney test on the non-transformed
fuel consumption data. The results showed that the fuel consumption differences between
the ECO and POWER settings for the Beaver and Scorpion data were statistically
significant (p = 0.04).

Table 6. Results of the ANOVA analysis for the LOG transformed fuel consumption per unit
product (I m-) without the Ergo machine and BAU setting input data.

Effect DF SS n? F-Value P-Value
Setting 1 0.026 0.13 12.709 0.0026
Machine 1 0.003 0.01 1.565 0.2289
Stem size 1 0.146 0.71 72.886 <0.0001
Residual 16 0.032 0.15

Where: DF = degrees of freedom; SS = the sum of squares; n? = the effect size, expressed
as the ratio between the SS for the specific effect and the total SS.
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Table 7. Results of the regression analysis for the fuel consumption per unit product (I m-3).
The analysis excludes the Ergo machine and BAU setting input data.

Fuel consumption =a+b S + c ECO
R? adj = 0.765; n = 20; F = 31.994; p <0.0001

Coeff SE T P
a 3.384 0.148 16.127 <0.0001
b -6.523 0.943 -6.918 <0.0001
c -0.220 0.081 -2.711 0.015

Where: The fuel consumption = | m3; S = the stem size in m?%, n = the number of
valid observations; SE = the standard error; ECO = the indicator variable for the
ECO setting: if ECO = 1, if POWER = 0.

The data for the two extreme setting treatments showed a clear stratification of the fuel
consumption figures, whereas this was not the case for productivity. A regression analysis
was conducted (Table 7) for the fuel consumption, productivity and the effect of machine
setting through a dummy variable (ECO setting). The stem size had a significant effect as
well as the machine setting, and overall the regression equation was significant and
explained a large part of the total data variability (R?> adj = 0.765). Thus, the fuel
consumption per unit product decreased with an increasing stem size and was lower for the
ECO setting compared to the POWER setting.

3.2 Performance of the innovative hybrid technology chipper (Article II)

3.2.1 Fuel and energy consumption of chippers

The study revealed an average fuel consumption of 2.9 litres per oven dry metric tonne (1
odt!) for the hybrid chipper when chipping logging residues, while for conifer pulpwood
the fuel consumption was 3.1 1 odt! (Table 8). This result is 1.0 litre per chipped odt lower
compared to the high-powered conventional chipper for chipping logging residues, and 0.2
1 odt! lower for pulpwood. Compared to the medium-powered conventional chipper the
hybrid was 0.4 1 odt! lower.

Table 8. Fuel consumption (I odt™), energy consumption (kWh odt™") and fuel consumption in
litres per odt per kW engine power (I odt™! kW-") of the studied wood chippers.

Fuel and energy consumption of wood chippers

Logging residues Pulpwood
lodt! kW odt' [odt! kwW-! lodt" kW odt' [odt' kw-!
Hybrid chipper 2.9 12.2 0.020 3.1 14.2 0.023
High powered
conventional chipper 3.9 26.8 0.012 3.3 17.9 0.008

Medium powered
conventional chipper 3.5 14.8 0.018
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The calculation of the energy consumption showed that the hybrid chipper was the most
energy efficient for chipping both raw materials (logging residues and conifer pulpwood)
(Table 8). With its high nominal engine power, the high-powered conventional chipper
achieved the lowest values of fuel consumption in litres per odt per kW of engine power.

3.2.2  Productivity and work elements of chippers

The time study revealed an average chipping productivity of 13.1 oven-dry tonnes per
effective hour (+ 1.2 odt Eoh™!) for the hybrid chipper when chipping logging residues. For
conifer pulpwood the hybrid chipper achieved an average productivity of 11.3 odt Eoh™! (+
0.7 odt Egh™).

Conventional chippers achieved higher chipping productivities per effective hour for
both raw material assortments (Figure 7). For logging residues, the high-powered
conventional truck-mounted chipper achieved a productivity of 20.8 odt E¢h’!, and when
chipping conifer pulpwood the same chipper reached an average productivity of 31.2 & 3.8
odt Eoh!. The medium-powered tractor-powered conventional chipper had a productivity of
14.0 = 0.8 odt E¢h™! when chipping conifer pulpwood.

The calculation of engine utilisation resulted in higher engine utilisation for the hybrid
chipper compared to the high-powered conventional chipper for both raw materials. The
hybrid chipper resulted in an engine utilisation of 0.93 when chipping logging residues and
0.86 for conifer pulpwood. For logging residues, the high-powered conventional chipper
had an engine utilisation of 0.57. For conifer pulpwood the rate was 0.72 with the high-
powered conventional chipper and 0.93 with the medium-powered conventional chipper.
When taking the estimated utilised engine power into account, the productivity per
estimated utilised kW engine power of the hybrid chipper (in odt Ech' kW) is higher
compared to conventional chipper alternatives (Figure 8).
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Figure 7. Productivity of the compared wood chippers (in odt per effective hour, Eoh) for
logging residues and conifer pulpwood chipping with the hybrid chipper (diagonally hatched
columns), high powered conventional chipper (dotted columns) and medium powered
conventional chipper (unfilled columns). The graph shows 95% confidence intervals with
error bars shown with the columns.
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Figure 8. Productivity of compared wood chippers (in odt per effective hour (Eoh) per
estimated utilised engine power, kW) for logging residues and conifer pulpwood chipping
with the hybrid chipper (diagonally hatched columns), high powered conventional chipper
(dotted columns) and medium powered conventional chipper (unfilled columns).

The analysis of the time consumption of the work elements for the hybrid chipper
revealed that the “chipping” work element required the largest proportion of the overall
time for logging residues (53%) and conifer pulpwood (81%) out of the total effective work
time of 276 s per odt for logging residues and 320 s per odt for pulpwood. The medium-
powered conventional chipper achieved the same proportion of chipping (81%) when
chipping conifer pulpwood, indicating that the timber loader provided material
continuously to the chipper unit without long idling times. When chipping logging residues,
the proportion of feeding was higher for both, the hybrid (13%) and especially for the
conventional high-powered chipper (27%).

3.2.3 Particle size of chips and chipping emissions

The study also examined the particle size of the chips from logging residues and conifer
pulpwood. The analyses of the wood chips chipped with the hybrid chipper resulted in
particle size class P31 (Alakangas and Impola 2014). The chip size distribution was
significantly affected by both, the chipper and the chipper material. The hybrid chipper
produced fewer chips in the 3.15 to 8 mm class compared to the high-powered conventional
chipper, and, in general, chipping logging residues produced more fines and fine particle
chips compared to conifer pulpwood chipping.

As a consequence of the fuel and energy consumption, the hybrid chipper resulted in the
least emissions for both chipped raw materials. The hybrid chipper had CO; emissions of
7714 g odt! when chipping logging residues compared to the high-powered conventional
chipper with CO; emissions of 10,374 g odt'. When chipping conifer pulpwood, the hybrid
chipper had CO; emissions of 8246 g odt!, whereas the conventional machines resulted in
higher CO; emissions of 8778 g odt! for the high-powered chipper and 9310 g odt! for the
medium-powered chipper.
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3.3 Introduction of a feed-in terminal for fuel supply (Article III)
3.3.1 Forest chip supply: direct vs. terminal supply

When comparing the main scenarios with direct deliveries or deliveries through a feed-in
terminal, the case study revealed that the most supplemental fuel, as an addition to the
supplied forest chips to meet the demand of the plants, was needed when operating in the
BAU scenario with one shift and direct delivery to the plant. Operating in two shifts during
high-season or operating using a feed-in terminal fulfilled the major part of the plant’s fuel
demand.

The results of the study show that the supply cost per MWh unit was lowest for the
direct supply scenario operating with an additional shift during the high-season, resulting in
forest chip supply costs from the chipping site to the end-use facility of 7.12 € MWh'!
(Figure 9). The BAU scenario with direct supply in one shift resulted in supply costs of
7.65 € MWh'!. The use of a feed-in-terminal in addition to direct fuel deliveries added extra
costs for the terminal operation to the supply costs. The use of a shuttle truck for transports
from the terminal to the plant resulted in slightly lower supply costs (7.84 € MWh')
compared to the use of a terminal when transporting fuel with chip trucks (7.95 € MWh™).
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Figure 9. Supply costs of forest chips in the four selected main simulation scenarios. (HM =
holiday month)
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Figure 10. Distribution of work elements for the mobile chipper (left) and chip truck (right) in
the main scenarios 1A1, 1A2, 1B and 1C.

3.3.2 Work elements of chipper and chip trucks

The analysis of the time consumption of the work elements for the mobile chipper revealed
that the “chipping” work element accounted for the largest proportion for all simulated
scenarios (Figure 10). This proportion was lowest in scenario 1B when using a terminal and
when chip transportation was done by chip trucks, which increased the waiting time for the
chipper. The BAU scenario (1A1) had the lowest amount of waiting time compared to other
scenarios whereas the time for relocating the machine was slightly higher than in other
scenarios.

The work elements of the chip truck showed little variation between the different
scenarios (Figure 10). “Driving loaded” was the work element with the highest proportions
of 30% or marginally above. The work element “driving empty” reached proportions of
close to 30% for all scenarios followed by the element “loading” with 20 to 25 %. The
results show a difference between direct supply and the use of a terminal in the proportions
of “waiting at site” element where the shares are higher for the direct supply scenarios and
vice versa for the time element “waiting at plant” where the terminal scenarios had higher
shares.

3.3.3  Effect of the terminal location on chip supply cost

The study investigated the effect of the terminal location — in terms of the distance between
the terminal and the heat and power plant — on the supply cost of forest chips. The results
show that the total supply costs rise with the increasing distance of the terminal from the
plant (Figure 11).
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Figure 11. The supply cost structure of forest chips based on the distance between the
terminal and the heat and power plant varying from 5, 10, 20 to 30 km. The transports
represent direct transports to the plant and to the terminal using the suppliers’ own chip
trucks or a separate shuttle truck.

In case the supplier’s trucks were used for terminal transports, the total chip supply
costs increased from 7.95 € MWh'! for a distance of 5 km between the terminal and the
plant, 7.96 € MWh™! for 10 km, 8.06 € MWh! for 20 km, and up to 8.16 € MWh'! for a
distance of 30 km. The supply costs were marginally lower in all cases where a separate
shuttle truck was used for terminal transports from the terminal to the plant, nevertheless
the total chip supply costs increased from 7.84 € MWh'! for a distance of 5 km between the
terminal and the plant, 7.89 € MWh! for 10 km, 7.93 € MWh'! for 20 km to 7.98 € MWh'!
for a distance of 30 km.

3.4 Analysis of energy efficiency of supply systems (Article I'V)
3.4.1 Efficiency and fuel consumption of chippers and trucks

The study investigated truck transport efficiency, energy density, transportation
productivity, truck fuel economy and the chipper fuel economy for the main scenarios
taking into account two chipper options, two raw materials and three truck alternatives. The
result reveal that all the mentioned performance and efficiency indicators were positive for
the larger 69-tonne ETS truck, improving efficiency by 4 to 17%, compared to the
business-as-usual (BAU) scenario (Figure 12). Efficiency measure improvements were seen
for the larger 69-tonne ETS truck compared to the 60-tonne truck-trailer unit when handling
both raw materials, logging residues and small diameter trees. For the 52-tonne semitrailer
option, only the truck fuel economy when using logging residues improved compared to the
BAU scenario. When using the hybrid chipper in scenario 3A2, the chipping fuel economy
improved by 13% on the one hand, whereas, on the other hand, transportation productivity
decreased by 16% compared to the BAU scenario. The use of small diameter trees with a
60-tonne truck-trailer in scenario 5A2 improved the transportation productivity, but
otherwise affected the efficiencies negatively.
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Figure 12. Truck transport efficiency (MWh km™"), energy density of the trucks (MWh load"),
transportation productivity (MWh h"), truck fuel economy (MWh I''), and the chipper fuel
economy (MWh [') for selected scenarios. The figure shows the difference between the
business-as-usual and other supply scenarios as percentage values.

The study showed that diesel fuel consumption per unit product (1 MWh!) for both,
chipper and truck fuel consumption varied little between the compared main scenarios. Fuel
consumption was lowest for the hybrid chipper (Figure 13). However, this figure only
considers the fuel consumption and does not take the transportation productivity into
account as shown in Figure 12.
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Figure 13. Diesel fuel consumption (I MWh-") for trucks and chippers for selected scenarios.
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3.4.2 The effect of the transportation distance on supply costs

The results of the study showed increasing supply costs for the three truck transportation
alternatives as a function of growing transportation distances. Supply costs are separated
into transportation costs, chipping costs and the total supply costs as a sum of these (Figure
14). The differences between the truck alternatives were marginal over short transportation
distances but increased with the distance. Chipping costs increased with the distance due to
increasing shares of waiting time for the chippers. Independent of simulated transportation
distances, the 69-tonne ETS truck-trailer resulted in the lowest chipping and total supply
costs for forest chip transportation originating from logging residues.
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Figure 14. Transportation costs (upper left), chipping costs (upper right) and total costs
(lower) for the forest fuel supply of logging residues, € MWh, as a function of the
transportation distance (in km).
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Figure 15. Forest chip supply costs of logging residues (€ MWh-") for simulated chipper
scenarios at a transportation distance of approximately 60 km.



44

3.4.3  The effect of chipper choice on the supply costs

The study investigated the effect of the choice of chipper, between a traditional chipper or
hybrid chipper in its current development stage, on the unit costs of the forest chip supply.
The results showed that the traditional chipper was the economically feasible choice
regardless of truck alternative used (Figure 15). The result revealed that the 69-tonne ETS
truck-trailer unit had the lowest supply costs when using a traditional chipper. In this case
the total supply costs were 6.6 € MWh!. In a case with further development of the hybrid
chipper, whereby the same productivity as in the traditional chipper at a lower fuel
consumption was assumed, a decrease of 3% in the overall forest chip supply costs
compared to the BAU scenario was shown.

3.4.4 The effect of the raw material on supply costs

The raw material used for forest chip supply in this study consisted of logging residues or
small diameter trees and this had an effect on the forest chip supply costs, whereby the 69-
tonne ETS truck-trailer unit showed the lowest and the 52-tonne semitrailer unit the highest
overall supply costs (Figure 16). For both the larger truck-trailer units the small diameter
tree assortment was beneficial, in terms of supply costs, compared to the transportation of
logging residue chips. In contrary, the 52-tonne semitrailer unit showed higher overall
supply costs for the small diameter tree assortment compared to logging residues.
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Figure 16. Forest chip supply costs (€ MWh™) for simulated raw material scenarios at a
transportation distance of approximately 60 km.



45

3.4.5 Work elements for the chipper and chip trucks

The analysis of the time consumption of work elements for the chippers in different
scenarios revealed that the “waiting” work element had the largest proportion for all other
simulated scenarios except the scenarios including the 69-tonne ETS truck-trailer when
chipping logging residues and when using the hybrid chipper. In both these cases
“chipping” accounted for the largest proportion of the time elements (Figure 17). The
waiting time for the chippers was higher and consequently chipping time was lower when
chipping small diameter trees compared to the chipping of logging residues. Relocating the
machines took a proportion of 10 to 12% of the working time, while setting up the chipper
accounted for 7 to 9% of the time and breakdowns accounted for less than 3% of the
working time.

The analysis of the time consumption of the work elements for the chip trucks in
different scenarios revealed that the “driving loaded” work element accounted for the
largest proportion for all simulated scenarios except the scenario using the hybrid chipper
where “loading” accounted for the largest proportion of the time elements (Figure 17).
“Driving loaded” accounted for between 26 and 36% of the overall working time, while the
“driving empty” work element reached proportions of 24 to 32% for all scenarios followed
by the element “loading” with 14 to 29%. The results show a marginal difference between
the transportation of different raw materials: the driving shares are higher and loading times
are lower for the transportation of chips from small diameter trees compared to logging
residue chips.
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Figure 17. Distribution of the time elements of the chippers (left) and chip trucks (right) for
selected scenarios.
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4. DISCUSSION

This study looked at efficiency and performance measures at various levels. The focus was
mainly, but not exclusively, on fuel efficiency and the related energy efficiency. One aim in
this respect was also to identify the effects influenced by studied efficiency measures,
including:

- Change within the machine through modifications to various settings
- Change of machine with hybrid technology

- Change of supply chain by adding a terminal

- Change of supply system and the effect on fuel supply costs

Each study looked at ways to quantify the different effects, using distinct fuel efficiency
measures. According to Magagnotti and Spinelli (2012), “Work measurement studies can
be classified according to their scope, goals and characteristics, with different study types
normally requiring different experimental designs and statistical techniques.” The thesis has
applied two main methods in the studies (Articles I-IV): first, work study was the main
method applied in Articles I and II, second, a desktop-based simulation study method was
used in Articles III and IV. The work studies included both automatic data collected by
machines and manual time study measurements. The range of the presented methods was
considered suitable and was applied in order to benefit from the advantages of each method
compared to alternative methods in each specific case and operational environment.
Consequently, the approach allowed the effects of certain changes to the applied machinery
or entire supply chain to be studied which would otherwise not be possible, especially given
a rational timeframe. This is the case in particular for studying the effects of newly
developed or applied machinery or machine parameters and prototypes.

Energy efficiency was considered differently, adapted to the context of the thesis, than
the particular way described by existing sets of indicators (see Proskuryakova & Kovalev
2015); however, it was not the intention of this study to develop new energy efficiency
indicators. The physical level was included and covered in Articles I and II. Article I on the
harvester settings was affected by direct modifications of technical machine settings and
included performance indicators such as the fuel consumption per unit product and linked
CO; emissions. The hybrid chipper study (Article II) was also implemented on a physical
level through the conversion of mechanical energy produced by the diesel engine into
electric energy used in the motors driving the chipper’s operational parts. The performance
aspects included the fuel consumption, energy consumption, productivity, engine utilisation
and emissions. The technological level was covered by Articles I, I and IV in which the
fuel consumption especially was the common performance parameter.

In Article I, the data was based on machine records with additional measurements of
fuel consumption. These measurements were then taken into account by calculating a
correction factor. The advantages of both the manual and automatic recording of data in
time studies on harvesters was discussed by Nuutinen (2013), in which the limitations of
manual time studies in providing detailed and diverse information in order to continue the
development of harvesters or harvester functions were discussed. Also Arlinger and Méller
(2014) compared manual and automatic time studies for two harvesters, which resulted in
similar results with only minor differences. Brewer et al. (2018) compared productivity
models derived from two methods of data collection using manual time study and machine
data recording using StanForD stem records. The authors revealed significant differences in
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DBH and volume measurements whereas no significant difference in the productivity
models was found. The authors highlight the advantages of automatically collected data
from stem files as a more efficiency method of productivity modelling mentioned by
Olivera et al. (2016), Nuutinen (2013) or Strandgard et al. (2013). In addition to the
convenience of automatically recorded data, Olivera et al. (2016) mentions the economic
benefits due the absence of direct additional costs of data collection. Strandgard and
Mitchell (2015) used the Global Positioning System (GPS) and a sensor for an automated
time study of three forwarders and compared them with traditional time and motion studies.
While the study showed that the automatic time study accurately determined cycle times,
the labelling of the time elements revealed some errors which might need further
controlling to the system. The limitations of machine data are also discussed by Brewer et
al. (2018), e.g., when element level details or other observational details are required. In the
case of the study presented in Article I, the choice of method can be justified by the focus
on the detailed level of fuel consumption for defined settings applied to several machines.
Thus a large dataset was collected automatically by the harvesters; a detailed element level
was not required in this case. As a result, detailed information from the studied CTL
harvesting machines is presented in Article I and showed that extreme machine settings had
a statistically significant impact on fuel economy. This is generally similar to a recently
published study on reduced fuel use of excavator-based machines using a machine control
system (Spinelli and Moura 2019). Nevertheless, the results show some indication that the
currently used business-as-usual setting may already integrate characteristics of the ECO
mode regarding fuel economy in regular operations.

While modern harvesting machinery collects data using their on-board computers
(OBC), data collection of machines without such systems needs to rely on external
observation methods such as time and motion studies. Traditional time or motion study
methods have been applied to the forest biomass supply in a large number of studies,
although the effect of the skills of the observers in minimising errors has been discussed
(Spinelli et al. 2013, Nuutinen et al. 2008). Additionally, other observer effects which
might interfere with normal work, such as the Hawthorne effect, which describes the
tendency of the performance of individuals to change when being observed, must be
considered (Magagnotti and Spinelli 2012, Eriksson and Lindroos 2014). In Article II, data
was collected applying the continuous time study method (Harstela 1991, 1993; Magagnotti
et al. 2013) when observing the studied chipper alternatives including the hybrid chipper
prototype. This method was chosen and found suitable for the studied machines due to the
limited observational units and short period of observations, as well as a lack of follow-up
data and automated data collection systems; the observation by an experienced researcher
allowed the time consumption on an element level to be investigated. As a result, the
relative time consumption for pure chipping is an indicator of the capacity utilisation of the
chipping unit, and observations indicated that both the hybrid chipper and the medium-
powered conventional chippers showed lower capacity utilisation. Nevertheless, the study
revealed that the hybrid chipper was the most energy efficient machine in terms of litres of
diesel or kWh per odt of chipped material compared to conventional chippers; although in
general, the fuel consumption reported in Article II were similar compared to previous
studies (Spinelli et al. 2011, Laitila and Routa 2015, Eliasson et al. 2015, Holzleitner et al.
2013).

On the enterprise level, Article III on the terminal alternative and Article IV on the
alternative supply systems can be mentioned. Relevant indicators included the supply costs,
production, machine utilisation, dry matter loss and the security of fuel supply at this level.
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On the enterprise level, Article IV enlarged the performance indicators by including
efficiency and fuel economy in addition to the otherwise overlapping indicators presented
in Article III. In the context of this thesis, different efficiency measures were used and
applied to the context of the forest chip supply, truck transport efficiency, energy density,
truck fuel economy and chipper fuel economy. The transport efficiency was expressed in
MWh of transported chips per kilometre driven, and the energy density was expressed in
MWh per load. The fuel economy values for trucks and chippers in this context were
expressed as MWh of handled material per litre of diesel fuel consumed. The industrial
level was partly covered by Articles III and IV, although the economic indicators were
limited to supply costs of supplying wood chips to a CHP plant typically involving several
enterprises, including fuel supply sub-contractors comprising numerous machines,
eventually a terminal operating enterprise and the enterprise operating the plant itself. The
macroeconomic level in energy efficiency indicator sets (see Proskuryakova & Kovalev
2015) was considered to be outside the scope of the thesis.

The effect of adding a feed-in-terminal to the forest chip supply chain was shown in
Article III, in which the use of a feed-in-terminal in addition to direct fuel deliveries added
extra costs to the supply costs because of the operation of the terminal. However, a benefit
was shown in the improved balance of seasonal fluctuation of the fuel supply fleet and its
use of machinery.

Discrete-event simulation was used in Articles III and IV. This method allowed the
testing of findings from a technological level originating from a time study (Article II) on
the entire supply system on the enterprise level (Article IV). This was in line with
Asikainen (1995) who stated that “the effect of an improvement in one stage can be seen at
the system level”. The aim in Articles III and IV was to apply a DES model which imitates
reality and behaves close to reality, similarly to Windisch et al. (2015). A comparison
between time study and the DES approach by She et al. (2018) revealed only minor
differences for machine cycle times and productivity, but found that machine utilisation
rates were somewhat different. However, the authors favoured DES when analysing
complex systems with machine process interactions (She et al. 2018). Furthermore, the
DES method allowed effect of selected changes on the supply condition of forest chips to
the end-using facility to be investigated without having the need for actual practical
implementation of a terminal or innovative machinery on a larger scale, which would be
risk and investment intensive, as well as time consuming. However, this method stresses
the importance of the validation process by relating results to findings from literature and
practice. Similarly, by using DES, Asikainen (1995) stated the possibility to test a new
chipper development under conditions in which they will or could operate. According to the
author, interactions between machines should be minimised, and chipper and long-distance
transport are systems with advantages for the DES method. In addition, simulation helps to
identify bottlenecks (Asikainen 1995), e.g., if a number of trucks would be sufficient or not
to fulfil the plant’s demand.

The findings of Article III show that cost compensation for additional terminal
investment and operation costs can be gained through a higher annual use of a fuel supply
fleet. This might be of interest to entrepreneurs in the transportation sector who see a
challenge in the future regarding labour costs due to a possible lack of skilled drivers
(Malinen et al. 2014). Additionally, the use of a terminal can better secure fuel supplies to
power plants by reducing the need for (expensive) supplementary fuel. A lack of wood fuel
terminals was found to be one of the challenges for the supply security of wood fuel
(Karhunen et al. 2015). The findings moreover showed that machine utilisation of mobile
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chippers was low compared to earlier studies (Asikainen 1995, Spinelli & Visser 2009,
Eliasson et al. 2012), whereas the results in general were rather comparable to the findings
of Windisch et al. (2015). In addition, the study revealed that although the overall chip
supply costs increased, the supply costs were marginally lower in all cases when a separate
shuttle truck with a higher load space was used for terminal transports from the terminal to
the plant. Nevertheless, Gautam et al. (2017) showed that the incorporation of a terminal in
a biofuel supply chain network can provide a lower MC for forest biomass and reduce the
procurement cost.

Interestingly, the performance of the hybrid chipper prototype when observed on the
machine level showed high energy efficiency compared to conventional chippers (Article
II). However, when looking at this on the system level, this advantage was diminished by
the poor productivity of the truck waiting for the chipper to load the truck’s load. Thus, the
effect of the very positive fuel economy of the chipper was reduced by the low
transportation productivity. In contrast, the use of the 52-tonne semitrailer showed
marginally positive truck fuel economy. However, at the same time there was negative
truck transport efficiency, energy density of the trucks, transportation productivity and
chipper fuel economy compared to the basic (BAU) scenario. Under the given simulation
conditions the study revealed that vehicles with a higher carrying capacity improved the
overall supply cost competitiveness compared to lower capacity trucks. Lower costs were
achieved when using the highly productive traditional chipper. Due to the lower bulk
weight densities of the transported material, forest chips from small-diameter trees were
found to be more beneficial for the larger truck alternatives; smaller semitrailers increased
their competitiveness for both short distances and for higher moisture content or higher
bulk-weight densities of transported material. New, alternative machine types, such as the
69-tonne truck-trailer with an electronic trailer steering system, improve the fuel economy
and efficiency. Thus, the work presented fills a gap mentioned by Koirala et al. (2018) who
mentioned the need for additional research on increasing the efficiency of transportation
systems, in particular trucking, and the transportation costs. The authors furthermore
consider discrete-event simulation models for biomass supply logistics to be a suitable and
economically viable tool to estimate transportation costs and performance. The findings of
Article IV with positive efficiency impacts when utilising larger transport vehicles are in
line with results presented in previous studies. Large and heavy vehicles (LHVs) and their
utilisation in Finland have shown to have a positive impact on both energy and
environmental efficiency (Palander 2016, 2017, Palander and Karha 2017, Palander et al.
2018). Correspondingly, Busenius et al. (2015) showed the reduction of CO, emissions
when using increasing payloads in log transportation.

Lautala et al. (2015) conclude in their study that “energy consumption, GHG emissions,
and overall environmental impacts should be evaluated in unison with logistics costs, as
they vary greatly according to transport and logistical decisions made.” The authors
recommend focussing future research on establishing a common framework allowing the
comparison of potential implementations or their impact, improved integration of the
supply chain and related analysis, the use of new technologies in transportation logistics
and a robust biomass trading market. The authors also conclude that the analysis and
monitoring of potential and actual implementations is difficult with a lack of a common
framework and a set of environmental, economic, and social sustainability metrics and
indicators to compare locations, technologies and practices (Lautala et al. 2015).
Additionally, Ko et al. (2018) concluded that studies have concentrated on improving the
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system efficiency of truck transportation, but that there is a lack of sustainable
transportation cost model taking economic, environmental and social factors into account.

Therefore, a new approach to improve energy efficiency and fuel economy in the forest
chip supply is proposed in this thesis (Figure 18). This integrated approach takes proposed
levels of energy efficiency into account whereby suitable performance and efficiency
indicators are selected which are fitting to the study content. In addition, suitable, proven
and adjusted research methods such as continuous time study and discrete-event simulation
as well as their data sources are an essential part of this approach in which one method or
data source can complement another for a more holistic analysis. The overall aim is to gain
a better understanding and ideally improve the energy efficiency and fuel economy of the
state-of-the-art forest technology and forest biomass supply chains. Furthermore the
sustainability of the biofuel industry depends on its capability to develop an economically
competitive supply chain (Lautala et al. 2015), although the choice of the biomass source is
an essential aspect.

—> State-of-the-art forest technology and forest chip supply chains

-

Analysis of solutions to increase energy efficiency & improve fuel economy

Industrial level

Enterprise level
Technological

. level
Physical level

Defined and suitable performance & efficiency indicators, §.Suitab|e, proven and adjusted research

Poeg. i methods & data sources, e.g.:
: -Engine utilisation -Work study
-Efficiency & fuel economy -Emissions -Manual/ automatic time study
-Supply costs -Production -Machine data
-Fuel consumption -Machine utilisation -Big data
-Energy consumption -Dry-matter loss -Simulation
-Productivity -Security of fuel supply -Optimisation

— Improved energy efficiency & fuel economy

Figure 18. Proposed approach to improve energy efficiency and fuel economy in forest chip
supply.
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In reflection of Patterson (1996), by consuming less energy (in this case in form of
diesel fuel for machines operating in the forest biomass supply) to produce the same
amount of useful output (in this case in terms of the handled cubic meters or MWh of
biomass), the economic, environmental and social outcome for all the stakeholders involved
will be better than it would be without such an effort. The costs per unit can be lower, fewer
emissions can be emitted and positive employment effects can be seen. Economic (e.g.,
supply costs) and environmental effects (e.g., emissions) were shown in this thesis.

Taking the results of this thesis into account and considering sustainability aspects
crucial in forest operations, the CEC’s energy efficiency catchphrase could be re-
formulated to the following phrase: “Doing Better With Less”.

The state-of-the-art of forest technology and current biomass supply can be affected and
upgraded to a new, improved performance and energy efficiency.

Based on the results of the four articles, the research questions can be answered and
concluded as follows:

1) Extreme machine settings have a statistically significant impact on fuel economy
of CTL harvesting machines and should be considered in CTL harvesting
operation, e.g. in machine design. However, the results show also some indication
that the currently used business-as-usual setting may already integrate
characteristics of the ECO mode regarding fuel economy in regular operations.

2) Hybrid machine technology can improve the fuel consumption and energy
efficiency of chipping operations in forest chip production and has an effect on
CO, emissions, although the productivity of the analysed prototype was below that
of the compared traditional chippers.

3) Using a feed in terminal as an alternative to the direct supply of forest chips has a
negative effect on the overall supply cost, and can be quantified. However,
terminal use improves the annual use of the supply fleet and enhances the fuel
supply security to the plant, thereby reducing the need for supplementary fuel.

4) The effect of applying different type chipper and truck-trailer combinations on the
supply costs and efficiencies can be quantified. Thereby vehicles with increased
carrying capacity, such as the 69-tonne truck-trailer with an electronic trailer
steering system, improve the fuel economy and the cost competitiveness.

5. FUTURE RESEARCH NOTES

The topics studied and presented in this thesis could not cover all the aspects of energy
efficiency and performance parameters of the investigated machines under various
operational environments. Therefore a research gap remains for future research in the field,
which could be addressed in possible forthcoming studies and experiments.

Based on the research conducted so far, future research could look deeper into the
factors causing differences in the performance parameters with selected machine settings. It
was shown that extreme machine settings have a statistically significant impact on the fuel
economy of CTL harvesting machines. An upcoming study could look into a single
machine whereby single machine parameters are modified one at a time. Thereby the
parameters most influencing the performance could be identified, and consequently also
modified according to operational needs. In addition, other machines could be tested with
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different machine settings for fuel consumption and energy efficient performance, for
example, forwarders in CTL harvesting or excavators, which could also be similar to the
excavator-based harvesting system and machine control system presented recently by
Spinelli and Moura (2019). Moreover, machine setting tests could also be conducted under
other silvicultural prescriptions or stand characteristics. The presented study was conducted
in thinning operations, while a future study should correspondingly include clear felling in
order to see the effects of higher average diameters and larger stem volumes. In this case,
machines might reach some limitations when operating in clear felling in ECO mode,
which were not identified in thinnings operations. In general, future research should also
look into standardised automated data collection methodologies and procedures for
analysing collected data ensuring the reliability and professionality of research in the field
of forest technology and logistics. Big data is an increasingly important topic with a large
potential for investigating performance improvements on various levels.

The use of an innovative hybrid chipper and new vehicles, which in practice are
currently only in the prototype phase or not yet in common use in the forest chip supply
chain, will need further investigation and follow-up studies from the research side
following further developments for a more accurate determination of their long-term
productivity, fuel consumption, and operating costs.

Another topic for upcoming research could be the terminals and their utilisation. As
there is an increasing amount of material flowing through the terminals, a future study
could investigate the effects of the terminal size and the distance of the terminal to the
plant. The presented work has shown that a terminal location closer to the plant is
favourable, but in this case, the size of the terminal was not limited and therefore it was
fairly large. It could be studied whether smaller, but larger numbers of terminals along the
main supply roads or distributed throughout the supplying area would be beneficial.
Especially when considering climate related changes and their effect on the bad-road
season in spring, it will have to be shown whether such distributed terminal options might
be favoured. In times when soft roads cannot be accessed at all, terminals located next to
asphalted roads might provide a measure to ensure the year-round supply of raw material to
end-using facilities. The discrete-event simulation methodology could allow new
developments related to regulatory or legislative changes concerning the loading capacity
of transportation vehicles, chipping equipment and their interactions to be studied as well as
new logistical solutions. The importance of the verification and validation process in
studies using discrete-event simulations was identified as a common shortcoming, among
others, recently by Kogler & Rauch (2018). Therefore, it would be beneficial for future
research to also include long-term follow up studies to validate simulated cases and their
cost calculations. This, however, would require that the investigated alternative(s) or
solution(s) applied in the simulation studies are introduced into common practice allowing
for follow-up studies to be conducted in a real working environment.
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