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Abstract: Wood is a renewable product, but for the supply of wood non-renewable materials are also
necessary, which can have negative environmental impacts. The objective of this study was to analyze
the greenhouse gas (GHG) emissions caused by the forest supply chain in Austria using Life Cycle
Assessment (LCA) methods. The forest supply chain consists of several processes like site preparation
and tending, harvesting, and transport. In total, 30 relevant forest processes from seedling production
until delivery of wood to the plant gate were considered. Results show that in the year 2018, a total of
492,096 t of CO, eq. were emitted in Austria for harvesting and transportation of 19.2 hm? of timber.
This corresponds to 25.63 kg CO, eq. per m>. At 77%, transport accounts for the largest share of
emissions within the supply chain. Extraction causes 14% of emissions, felling and processing cause
5%, and chipping causes 4%. GHG emissions for felling, delimbing, and crosscutting are much lower
when using a chainsaw compared to harvester. The high numbers for the transport can be explained
by the high transportation distances. Especially for the transportation of wood, it is necessary to find
more climate-friendly solutions from a technical and organizational point of view. The provision of
wood is climate-friendly, and its use enables the substitution of fossil fuels or materials with higher
negative effects on climate change such as aluminum, steel, or concrete.

Keywords: climate change; greenhouse gas emissions; life cycle assessment; forestry; timber harvesting

1. Introduction

The concept of sustainability in the forestry sector should consider three sustainabil-
ity dimensions (economic, environmental, and social) of the whole forest wood supply
chain [1]. Avoiding negative environmental impacts in the manufacturing process of prod-
ucts and the provision of services is becoming increasingly important. In terms of the
magnitude of the environmental impacts of forestry, assessment often focuses on certain
aspects, such as biodiversity [2,3], water [4,5], soil [6,7], and air [8,9]. In the last few decades,
there has been a prevailing discussion about climate change and the increasingly critical
attitude of consumers in terms of sustainability and specifically mitigating climate change.
Anthropogenic greenhouse gas (GHG) emissions tend to lead to an increasing annual aver-
age surface temperature, which threatens species and ecosystems [10]. For climate change
mitigation, Austria aims to reduce GHG emissions by 36% until 2030 compared to the level
in 2005 [11]. The most important goal of climate protection is to reduce energy consumption
through increased energy efficiency while at the same time reducing non-renewable shares
in the energy mix [11,12].

The development of strategies to avoid negative environmental impacts affects almost
all and therefore also the forestry sector. In general, increased usage of wood as a renewable
raw material is seen as a part of the solution to mitigate climate change. However, it should
be considered that non-renewable resources are used for harvesting and supply of wood to
the industry and consumers, which does not allow the designation of a 100% CO,-neutral
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product [12]. Although it has been shown in many studies that the non-renewable share
is low compared to the energy content (e.g., in [13]) or to the carbon storage of wood [14],
holistic analyses of the total forest supply chain are important to demonstrate and reduce
the non-renewable resources and thereby environmental impacts for the supply of wood
and the provision of wood products [12].

For analyzing the environmental impacts of products or services, the Life Cycle
Assessment (LCA) method is a useful and well-known approach. Following the EN ISO
standard 14040 [15] definition, an LCA is the “compilation and evaluation of the inputs,
outputs and the potential environmental impacts of a product system throughout its life
cycle system”, assuming that the LCA is able to identify most of the environmental impacts.
The impact on climate change is one of a manifold set of possible categories [12]. Although
LCA has its origin in industrial production systems, they are now also widely used in the
forestry sector [16].

In the last few years, a large number of life cycle assessments for the wood supply
have been carried out, for example in Klein et al. [12] and Heinimann [17]. In forestry,
mainly life cycle assessments have been carried out which dealt with the GHG emissions of
country-specific wood supply networks in Europe, like Norway [18-20], Portugal [21-23],
Ireland [24], Finland [25,26], Italy [27-30], Spain [31], and Germany [12,32,33]. More-
over, life cycle assessments can be found for other countries, particularly the US [34-39],
Ghana [40], Malaysia [9], Japan [41] or Chile [42]. Available studies focus on forest op-
erations to collect primary data of forest supply chains [17,22,32,42]. In addition, a large
number of environmental studies have concentrated on industrial forests [20,26] and short
rotation coppices [29,31,43,44]. Very few studies have analyzed local forest supply chains,
close-to-nature management [27,30], or traditional wood products like cork [23] probably
due to the large differences in forest conditions, forest management techniques, and wood
products produced at regional and national level [16]. To our knowledge, no detailed LCA
studies are available for forest supply chains in Austria. There is only one report which
analyzed the effects of management strategies, the market dynamics of wood products, and
the use of substitute materials (e.g., concrete, plastic) instead of wood on the development
of greenhouse gas emissions [45]. Harvesting and logistic processes were not covered by
the study.

The number of LCA studies for wood supply has increased in recent years. However,
many of the LCAs dealt with the supply of fuel wood and the number of studies covering
the production of sawlogs and pulpwood is still small. Frequently, there is a lack of
information on some LCA aspects, such as the system boundaries and the identification of
hotspots within forest supply chains [14]. Klein et al. [14] showed that the GHG emissions
span a wide range due to different environmental conditions and the lack of harmonization
of the studies and therefore no average value can be calculated for all relevant supply chains.

In Austria, forests cover about 48% of the area with a gross forest area of about 4 Mio
ha and a total growing stock of 1135 hm3. In 2018 the annual cut of timber volume was
more than 19.2 hm?3, of which soft wood accounted for 16.0 and hard wood for 3.2 hm3.
According to the national timber harvesting statistics, 60% were dedicated to round wood,
15% to industrial wood, and 25% to fuel wood [46].

Since the use of wood plays a major role in Austria’s climate change mitigation strategy,
especially due to the carbon sequestration potential and the substitution of fossil fuels
through the use of wood, it is particularly important to analyze the environmental impact
of the supply of raw wood, as this is the very first step within the wood product chain.

The aim of this study was to analyze and evaluate the environmental impacts of
the provision of raw wood in Austria. Since there is a legal requirement in Austria for
larger companies to carry out measures to improve energy efficiency, this study is able to
provide assistance. The study was based on a cradle-to-gate approach that begins with site
preparation and ends with delivery at the factory gate. The impact assessment focused
on greenhouse gas emissions. For this purpose, relevant forest supply processes were
identified and modeled. In addition, differences between the wood assortments of round
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wood (saw logs, industrial wood) and fuel wood (split logs, wood chips) were considered.
Outcomes of the study highlighted emission hotspots within the supply chain and provided
decision makers with relevant data to improve the supply chain performance in terms of
environmental impact in the future.

2. Materials and Methods
2.1. System Description and System Boundaries

The forest supply chain is part of the wood production chain and consists of several
process groups like site preparation and tending, harvesting, transport, and secondary
processes. The harvesting process covers the felling of trees and the extraction of trees
(felled), stems (felled and delimbed), logs (felled, delimbed and crosscut), and harvesting
residues (branches and harvested wood with a diameter of less than 7 cm). All mentioned
processes encompass their respective secondary processes. Secondary processes include all
processes which are not taking place in the forest but are also relevant for the provision
of raw wood, for example the manufacture of machinery, transport of the machines from
the factory to the local entrepreneur, or the provision of fuel. Figure 1 shows the wood
production system with all relevant processes for typical Austrian forest supply chains.
We include different levels of mechanization in harvesting (e.g., chainsaw, tractor, skidder,
harvester, and forwarder) and different modes of transport (truck, railroad). Unique codes
shown in parenthesis have been defined for the supply processes to distinguish different
levels in the supply chain. For example, grey-colored boxes dealing with site establishment
processes start with 1, the red-colored boxes contain tending processes starting with 2, the
green-colored processes include harvesting and the yellow-colored fuel wood harvesting
processes begin with 3, and the blue-colored transport processes start with 4.

2.2. Functional Unit

The functional unit is one m? of extracted wood over bark delivered to the plant for
four different wood assortment groups (saw logs, industrial wood, split logs, and wood
chips). We used this functional unit because it is commonly used in other LCA studies,
thus the results will be comparable with other studies.

2.3. Impact Category

The sum of all input flows of a system causes a certain number of different outputs
and environmental impacts, for example through the manufacture of machines or the use
of fossil fuels. The climate change impact category (hereinafter also referred to as GHG
emissions, excluding biogenic CO,) in kg CO,-eq was used to assess the environmental
impacts for the forest biomass supply chains. Possible changes in the carbon stocks in the
biomass, the organic layer, and mineral soil on site due to forest management were not
considered. A further division into different greenhouse gases (carbon dioxide, methane,
nitrous oxide) was not in the scope of the study. Impact assessment was carried out
according to the ILCD recommendations [47]. The method suggested by the IPCC [48] was
used for climate change assessment.

2.4. Wood Supply Processes

All forest processes presented in Figure 1 and their respective model assumptions are
illustrated in the subsequent sections. Most of the input data, where characteristics are
explained in the following subsections, were derived from Austrian Federal Forests PLC by
written and oral communication, whereby 2018 was taken as the reference year.
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Figure 1. The wood supply chain including all relevant production processes from seedling produc-
tion to plant gate.

The establishment of forest stands begin with site preparation and include all pro-
cesses that take place before planting, as well as the planting and regeneration processes
themselves. In the present study, the processes for the production of the seedlings in the
nursery as well their transport to the forest (P 1.1) and clearing of the area with brush
cutter (P 1.2) were included. Site tending processes are primarily necessary for stands with
natural regeneration to improve quality and growth of the trees. In this study, tending of
young stands (P 2.1) and thickets (P 2.2) was considered. Timber harvesting encompasses
all relevant processes such as felling, delimbing, bucking (crosscutting), and extracting to
forest road. For tree felling (and processing), the chainsaw and harvester were modeled.
Under Austrian conditions, machines used for extracting are tractor and trailer, tractor and
winch, skidder, cable yarder, and forwarder depending on site and stand conditions, and
consequently this machine had to be modelled. The category transport compromises the
transport from forest road to mill or plant. Round wood (saw logs and industrial wood) is
carried by tractor and trailer, timber truck, or railway. Fuel wood as chips is transported
by tractor and trailer or truck. A detailed description of the input data for the inventory
analysis of all relevant wood supply processes is documented in Appendix A.

2.5. Annual Harvested Timber Volumes and Harvesting Systems

To calculate the environmental impacts caused by timber supply in Austria, it is
necessary to know the total annual harvested timber volumes and the corresponding
timber harvesting systems (Table 1). For this purpose, the official statistics for annual
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timber volumes [46] as well internal statistics of the Austrian Federal Forests PLC were
contracted. In the year 2018, in total 19.2 hm?3 timber was harvested, where 14 hm? was
round wood (RW), 2.3 hm?® was solid fuel wood (FWS), and 2.9 hm? was chipped fuel
wood (FWC). The respective environmental impacts were assigned to all wood assortments
and multiplied by the total wood quantities for the reference year 2018. This enabled
an estimation of the total GHG emissions of the Austrian wood supply from the site
preparation to the plant gate.

Table 1. Harvested timber volumes and harvesting systems in Austria in the year 2018. Codes
represent the harvesting and transport processes visualized in Figure 1, whereas codes starting with
3 represent harvesting and 4 represent transport.

Code Harvesting System Amount [m3]  Assortments
3.1 Felling with chainsaw 6,554,789 RW, FWS
3.2 Felling and delimbing with chainsaw 3,473,843 RW, FWS
3.3 Felling, delimbing, and crosscutting with chainsaw 2,523,909 RW, FWS
3.4 Felling, delimbing, and crosscutting with harvester 3,282,239 RW, FWS
35 Felling, delimbing, and crosscutting with cable 435729 RW. FWS

’ harvester ! !
3.6 Extracting round wood with tractor and forest trailer 1,584,551 RW, FWS
37 Extracting harvesting residues with tractor and forest 155.820 FWC
’ trailer !
3.8 Extracting round wood with skidder 874,994 RW, FWS
3.9 Extracting trees with skidder 1,166,659 RW, FWS
3.10  Extracting trees with tractor and winch 583,329 RW, FWS
3.11  Extracting round wood with tractor and winch 3,208,312 RW, FWS
312 Extracti.ng trees with cable yarder and processing 2754633 RW, FWS
trees with processor
3.13  Extracting round wood with wood pick 298,668 RW, FWS
3.14  Extracting round wood with forwarder 4,436,743 RW, FWS
3.15  Extracting harvesting residues with forwarder 1,912,506 FWC
316 Extracting round wood with winch-assisted 316,910 RW, FWS
forwarder
3.17  Extracting round wood with cable yarder 306,070 RW, FWS
3.18  Crosscutting with chainsaw 3,587,265 RW, FWS
3.19  Delimbing and crosscutting with excavator-processor 1,339,546 RW, FWS
3.20  Chipping fuel wood with chipper mounted on truck 2,921,548 FWC
4.1 Transporting round wood with tractor and trailer 2,440,576 RW, FWS
4.2 Transporting round wood with round wood truck 10,575,832 RW, FWS
43 Transporting round wood with railway 3,254,102 RW, FWS
44  Transporting chips with tractor and trailer 438,232 FWC
45  Transporting chips with truck 2,483,315 FWC

2.6. Life Cycle Assessment Modeling, Software, and Data Sources

The LCA was carried out in accordance with EN ISO 14040 [15] and 14044 [49]. The
software openLCA 1.7 was used for modelling. The ecoinvent 3.4 database represents the
data basis for all relevant background systems. The forestry processes were individually
modeled or adapted in openLCA 1.7 with the help of literature data (see Section 2.5 and
Appendix A). The results of the life cycle assessment for each individual supply process
were exported from openLCA and then aggregated with Microsoft Excel to calculate
the environmental impacts of wood supply processes (Section 3.1), harvesting systems
(Section 3.2), and for the Austrian forestry sector (Section 3.3). No allocation was made for
all harvesting and transport processes, as individual calculations were carried out for all
the assortments. All GHG emissions caused by general processes (site preparation, site
tending) were scaled to the total amount of wood provided within the tree-specific rotation
period and then allocated to the assortments according to mass.
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3. Results

In this section, the GHG emissions of the individual wood supply processes and of
the most common harvesting systems in Austria are presented. Finally, the GHG emissions
of the Austrian forestry sector is calculated.

3.1. Greenhouse Gas Emissions of Wood Supply Processes

For each process shown in Figure 1, the GHG emissions were calculated based on
average conditions in Austria. The production of seedlings, transport to the forest, and
planting as well clearing of weed with a brush cutter do not have a noticeable influence
on the GHG emissions of the whole supply chain. The older the stands to be tended, the
higher the GHG emissions (Table 2) for producing 1 m? of timber.

Table 2. Average GHG emissions of site preparation and tending.

Code Wood Supply Process—Site Preparation and Tending GHG Emissions [kg CO; eq. m—3]
1.1 Production of seedlings, transport to forest, and planting 0.01
12 Clearing of weed with brush cutter 0.004
21 Tending of young stands with brush cutter 0.03
2.2 Tending of thickets with chainsaw 0.09
Depending on the technology used, felling, delimbing, and crosscutting causes GHG
emissions between 0.26 to 5.27 kg CO; eq. m 3. GHG emissions for felling, delimbing,
and crosscutting are much lower when using a chainsaw compared to harvester or winch-
assisted harvester. Winch-assisted harvester generates 55% more GHG emissions than the
harvester operating without winch in flat terrain. From the climate change point of view,
delimbing and crosscutting with an excavator-processor is much more emission intensive
than doing the same work with a chainsaw (Table 3).
Table 3. Average GHG emissions of felling, delimbing, and crosscutting processes.
Code Wood Supply Process—Felling, Delimbing and Crosscutting GHG Emissions [kg CO; eq. m—3]
3.1 Felling with chainsaw 0.11
3.2 Felling and delimbing with chainsaw 0.15
3.3 Felling, delimbing, and crosscutting with chainsaw 0.26
3.4 Felling, delimbing, and crosscutting with harvester 3.40
3.5 Felling, delimbing, and crosscutting with winch-assisted harvester 5.27
3.18 Crosscutting with chainsaw 0.11
3.19 Delimbing and crosscutting with excavator-processor 5.53

Timber extraction causes GHG emissions between 2.04 to 7.91 kg CO, eq. m 2. The
lowest emissions occur when using tractor and forest trailer or tractor and winch. Skidder
and cable yarder extracting round wood in cut-to-length method (CTL) have the highest
GHG emissions. In total, 4.17 kg CO, eq. m~3 are produced during the extraction with cable
yarder in whole-tree method (WT) but this also includes delimbing and crosscutting with a
processor at the landing. Extracting with a wood pick generates no emissions because no
machines are used (Table 4).



Sustainability 2022, 14, 792 7 of 18

Table 4. Average GHG emissions of extracting processes.

Code Wood Supply Process—Extracting Processes GHG [kg CO; eq. m—3]

3.6 Extracting round wood with tractor and forest trailer 2.04

3.8 Extracting round wood with skidder (CTL) 791

3.9 Extracting trees with skidder 791
3.10 Extracting trees with tractor and winch 2.40
3.11 Extracting round wood with tractor and winch 2.40
3.12 Extracting trees with cable yarder and processing trees with processor 417
3.13 Extracting round wood with wood pick 0.00
3.14 Extracting round wood with forwarder 3.07
3.16 Extracting round wood with winch-assisted forwarder 3.68
3.17 Extracting round wood with cable yarder (CTL) 5.20

Extracting harvesting residues with tractor and forest trailer causes two times more
GHG emissions than extracting with a forwarder. Transporting chips with tractor and
trailer has similar GHG emissions as transporting chips with a truck (Table 5).

Table 5. Average GHG emissions of fuel wood supply processes.

Code Wood Supply Process—Fuel Wood Supply GHG Emissions [kg CO; eq. m—3]

3.7 Extracting harvesting residues with tractor and forest trailer 14.28
3.15 Extracting harvesting residues with forwarder 6.60
3.20 Chipping fuel wood with chipper mounted on truck 6.42

4.4 Transporting chips with tractor and trailer 16.63

4.5 Transporting chips with truck 17.46

Transporting round wood with a round wood truck causes almost three times more
emissions than transportation with tractor and trailer or with railway. Transportation with
a round wood truck has the highest GHG emissions (26.95 kg CO, eq. m~3) of all analyzed
wood supply processes (Table 6).

Table 6. Average GHG emissions of timber transport.

Code Wood Supply Process—Timber Transport GHG Emissions [kg CO; eq. m—3]
41 Transporting round wood with tractor and trailer 9.50
4.2 Transporting round wood with round wood truck 26.95
4.3 Transporting round wood with railway 9.39

3.2. Greenhouse Gas Emissions of Most Common Harvesting Systems in Austria

Seven harvesting systems which are very common in Austria were analyzed in terms
of GHG emissions. A harvesting system includes several supply processes starting with
felling the tree in the forest and ending with storing the processed logs at the forest road or
landing. The most environmentally acceptable harvesting systems are those where chain-
saw and tractor are mainly used. Timber supply with chainsaw, tractor, forest trailer and
chainsaw, tractor, and winch cause 2.30 and 2.66 kg CO, eq. m~3, respectively. Harvesting
operations with winch-assisted harvester and winch-assisted forwarder have the highest
GHG emissions with 8.17 kg CO, eq. m~3 (Figure 2). Harvesting operations are carried out
in cut-to-length method (CTL), tree-length method (TL) or whole-tree method (WT).
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Figure 2. Average GHG emissions of most common harvesting systems in Austria.

3.3. Greenhouse Gas Emissions of the Austrian Forestry Sector

Greenhouse gas emissions were upscaled to estimate the total amount of GHG emitted
due to the wood supply in Austria and presented in overall tons and per m3 of wood
chips, round wood and firewood, respectively. Furthermore, emissions were also analyzed
separately for small-scale forestry and big forest enterprises.

In 2018, a total of 492,096 t of CO, were emitted in Austria for harvesting and trans-
portation of 19.2 hm? of timber. This corresponds to 25.63 kg CO, eq. per m®. The
production of wood chips has slightly higher emissions with 28.29 kg CO, eq. m~2 average
than the production of round wood and firewood with an average of 25.16 kg CO, eq. m—3
for both assortments. With 77%, transport emits the largest share of emissions within the
supply chain, with truck transport accounting for 65% and transport by railway and tractor
and trailer at 6% each. Extraction causes 14% of emissions, with forwarder (5%), skidder
(3%), cable yarder (2.5%), and tractor and winch (2%) as the main drivers. Felling and
processing accounts for 5% of the GHG emissions and chipping for 4% (Figure 3).

Cable
yarder

Tractor &
cable
winch

Transport Truck Chipper Harvester

Figure 3. Share of GHG emissions of the most common timber supply chains in Austria.
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In 2018, a total of 299,450 t of CO, eq. were emitted by Austrian small-scale forests with
a size smaller than 200 ha for supplying 11.3 hm? of timber to the gate. This corresponds to
26.50 kg CO, eq. per m®. The production of wood chips (on average 29.02 kg CO; eq. m~2)
has about 3 kg CO, eq. per m? higher emissions than the production of round wood and
firewood (on average 25.85 kg CO, eq. m~3). With 74%, transport again accounts for the
largest share of emissions within the supply chain. Extracting causes 17% of emissions,
felling and processing cause 4%, and chipping causes 5%.

A total of 161,944 t of CO, were emitted in Austria in forest enterprises with a size
larger than 200 ha in the year 2018, whereby 6.2 hm? of timber were harvested and trans-
ported to the gate. This corresponds to 26.12 kg CO, eq. per m>. The production of wood
chips (on average 28.29 kg CO, eq. m~2) has about 2.4 kg CO; eq. per m?® higher emissions
than the production of round wood and firewood (on average 25.85 kg CO, eq. m~3). With
78%, the transport again causes the largest part of emissions within the supply chain.
Extracting creates 15% of emissions, felling and processing creates 4%, and chipping cre-
ates 3%.

4. Discussion

In the analyzed forest supply chains, the emissions are mainly caused by fossil fuel
combustion and machine production. Results showed how the impacts relate to the
examined forest supply chains in different conditions, whereby emissions mainly originate
from the transportation phase.

Site preparation and site tending-inclusive seedling production summed up to 2.6% of
the total GHG emissions of the supply chain. This is more or less the same amount as in
Norway, which is 3% [18].

Felling and processing with a chainsaw is the harvesting process with the lowest GHG
emissions. The productivity of the chainsaw (8.5 m® h™!) is much lower in comparison
to the harvester (27 m3® h™!) or winch-assisted harvester (20.2 m® h™!) but on the other
hand fuel consumption of the chainsaw (1.5 L h~1) is also lower compared to the harvester
(40 1h~') and winch-assisted harvester (40 L h~!). The productivity of the winch-assisted
harvester is lower than for the harvester because of more difficult terrain conditions.

The higher fuel consumption of the harvester was not compensated by the higher
productivity which leads to higher GHG emissions of the harvester compared to the
chainsaw. Furthermore, the production of the harvester needs more resources than for
the chainsaw. This can also not be compensated by the higher life span of the harvester
(17,600 h) compared to the chainsaw (2500 h). Although the chainsaw shows better results
in terms of GHG emissions, there are other factors like work safety and ergonomics where
the harvester shows better performance. However, to make a comprehensive analysis of
which machine to use, a multi-criteria assessment is recommended [50].

The low GHG emissions of tractor and forest trailer can be explained by low fuel con-
sumption (3.5 L h~!) and moderate productivity (7.6 m® h—!). Furthermore, the production
of a tractor is not as resource intensive as a cable yarder or forwarder, but on the other
hand, the life span of a tractor (7000 h) is shorter. Tractor and winch also have similar
characteristics and therefore also low GHG emissions. The environmental impacts of ex-
tracting with a skidder are high, which can be explained by moderate fuel consumption
(8 Lh~1!) and low productivity (4.3 m®> h~!). However, the data of both systems originate
from different sources and are therefore not fully comparable. GHG emissions of forwarder
and winch-assisted forwarder show values between 3 and 4 kg CO, eq. per m? of timber
which is a good compromise for an environmentally acceptable and efficient harvesting
system. We have to mention that most of the data stem from case studies and in these case
studies, the forwarder (309 m) and the winch-assisted forwarder (271 m) had higher aver-
age extraction distances than other machines (e.g., tractor and forest trailer: 133 m, tractor
and winch: 27 m, cable yarder: 142 m). If every machine under investigation would have
the same extraction distance, the forwarder would have a higher productivity and even
lower GHG emissions than all other options. Shorter distances for extracting wood from
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the forest site to the next forest road would reduce greenhouse gas emissions [18,20]. Cable
yarders have almost the same fuel consumption but extracting the timber in whole-tree
method (11.63 m® h~1) is more productive than the cut-to-length method (8.34 m3 h™1)
and therefore GHG emissions are lower (4.17 compared to 5.2 kg CO, eq. m~2). Extracting
harvesting residues with a forwarder causes less GHG emissions than extracting with
tractor and forest trailer which can be explained by the higher productivity of the forwarder
(75m3h! compared to 1.1 m3 h™1).

Transport of timber has the highest GHG emissions within the forest supply chain.
This can be explained by the high transportation distances which are 2 x 15 km (full on the
forward run and empty on the way back) for tractor and trailer, 2 x 80 km for round wood
truck, 2 x 54 km for the wood chips truck, and 227 km (one way) for the railway. If we
compare the transportation performance, we can see that for transporting 1 m3 with tractor
and trailer an effort of 12 t X km, for the wood chip truck 119 t x km, for the round wood
truck 176 t x km, and for the railway 218 t x km is necessary. Nevertheless, because of
using more eco-friendly energy sources, the railway has the lowest GHG emissions which
is only one third of the emissions of the round wood truck. According to Klein et al. [12],
the transportation processes of raw wood increase the range from 7.1 kg for beech split logs,
with the shortest transport distance of 5 km to 71.3 kg CO, eq. m 2 for industrial wood and
the maximum transportation distance of 250 km. Increasing the capacity of the transport
vehicles reduces fuel consumption per volume transported and is therefore helpful for
improving the energy efficiency of wood transport [18,51,52].

Based on the findings of the wood supply processes, it is no surprise that harvesting
systems composed of chainsaw and tractor are those with the lowest GHG emissions
(Figure 2). Other studies have shown that low mechanized harvesting with chainsaw and
tractor is not the alternative with the lowest GHG emissions as the productivity of the
tractor is much lower compared to a forwarder [12]. Proto et al. [53] analyzed the GHG
emission of three different harvesting systems in Italy. The impact was equal with 8.57,
8.04 and 10.46 kg CO; eq. m 3 for the harvesting system with felling and processing with
chainsaw and extraction carried out using tractor with winch, skidder, and cable yarder,
respectively. The GHG emissions for skidders were very similar to our findings. The
environmental impact of a tractor with winch is three times higher and for the cable yarder
it is almost twice. It is assumed that the conditions in the Italian study are more difficult
than in the Austrian one. Labelle and Lemmer [32] analyzed the impacts of a motor-manual
harvesting system with chainsaw and forest tractor and a fully mechanized one with
harvester and forwarder in Germany. According to their findings, the fully mechanized
system (3.08 kg CO, eq. m~3) had a lower impact over the full rotation period if compared
to the motor-manual system (4.42 kg CO, eq. m~2). Similar results were achieved by
Haavikko et al. [54] for timber harvesting with harvester and forwarder in Finland. Their
calculated CO, eq. emissions averaged to 4.3 kg CO; eq. m 3. By cutting method, the
highest CO, eq. emissions were recorded in first-thinning stands (7.3 kg CO, eq. m~3), and
the lowest in final fellings (3.1 kg CO; eq. m~3).

Big forest enterprises cause on average 26.12 kg CO; eq. per m3 lower GHG emissions
than small-scale forests (26.50 kg CO, eq. per m?). This is surprising because in small-
scale forests the systems with the lowest emissions will be more often used than in big
forest enterprises. Chainsaw and tractor and trailer have a share of produced timber of
23% in small forests and 5% in big forest enterprises. The same is true for chainsaw and
tractor and winch where the share is 20% in small-scale forests compared to 14% in big
forest enterprises. The system with the highest emissions—skidder—has a share of 10% in
enterprises and only 4% in small ones. The main reason why enterprises perform better
is because they have a higher share of difficult and steep terrain using cable yarders for
the extraction. Cable yarder and processor have a better performance than harvester and
forwarder, and they are used in 33% of all harvesting operations instead of only 7% in small
forests. On the other hand, harvester and forwarder have with 31% a higher share in small
forests compared to 20% in big enterprises.
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For the forest area in Bavaria in the reference year 2013, an overall weighted mean
of GHG emissions for timber harvesting of 9.25 kg CO, eq. m~2 for the most common
tree species and assortments was estimated. The expansion of the system to plant gate
led to an increased impact on climate change of 18.95 kg CO, eq. m 3 [12]. This value is
in line with other studies that cover a larger forest area, for example, Timmermann and
Dibdiakova [18]. They calculated average GHG emissions of 17.89 kg CO, eq. m~2 for
plant to gate in eastern Norway in 2010. In Austria, timber harvesting and transportation
causes GHG emissions of 25.63 kg CO, eq. per m®. The higher emissions can be explained
by the higher share of transport processes within the supply chain which in Austria is 77%,
in Bavaria 44% to 53% [12], and in Norway 52% [18].

The findings of global warming potential related to logging activities were ana-
lyzed by Gan et al. [9]. GHG emissions of timber supply chains vary between 2.35 and
73.35 kg CO, eq. m~3. However, the comparison of studies is reasonably challenging as
there are several aspects that need to be considered, e.g., the harvesting methods used in
different regions, the forest management strategies, as well the system boundaries.

As part of this study, two calculation tools were developed in MS Excel including the
GHG emission data presented in Section 3.1. The so-called “system calculator” enables
the global warming potential to be calculated for a specific supply chain. By entering
location and stand data, specific cases can be mapped, and their environmental impacts
assessed. This allows a comparison with alternative scenarios and the selection of the most
environmentally friendly harvesting system. The so-called “balance calculator” enables the
calculation of the global warming potential for a forest district, a forest enterprise, or another
defined administrative unit. By entering the quantities for each timber harvesting and
transport process, the total GHG emissions for the assortments of round wood, firewood,
and forest chips can be easily determined for the respective unit under consideration.
Since there is a legal requirement in Austria for larger companies to carry out measures
to improve energy efficiency, these tools provide practical assistance. They can be used
to make targeted strategic and operational improvements to reduce the global warming
potential. The tools have been tested by forest managers and found to be very user-friendly.

Nave et al. [55] conducted a review based on over 400 individual studies and found
that there is an average loss of 20% of the soil organic carbon from the forest floor (O
horizon) on Spodosols (Podzols) in temperate forests as a result of harvesting while the
mineral soil was not significantly influenced. Their results also showed that it will take
about 50-70 years to recover this loss [18]. There are also more recent studies that indicate
that biogenic CO, from forest residues that are used for energetic purposes should not be
viewed as climate-neutral [18].

5. Conclusions

Greenhouse gas emissions from the wood production chain in Austria were calculated
for 1 m? of wood harvested, extracted, and delivered to plant gate for the reference year 2018.
Chainsaw and tractor and trailer were shown to be the most climate-friendly harvesting
systems. Nevertheless, this system will be used for less than 20% of the Austrian timber
supply. This can be explained by the difficult terrain conditions in Austria where this
system is not applicable. Furthermore, this system shows a lack in efficiency and work
safety compared to fully mechanized systems (harvester and forwarder). For almost all
wood supply processes, the environmental impact was mainly caused by combustion
processes of fuel (diesel) from transport vehicles and from heavy forest machines for
felling and extracting. The results of the study provide an overview of the environmental
impacts of harvesting systems and should motivate forest managers to select more climate-
friendly solutions.

The knowledge gained shows that wood is already being provided in a climate-
friendly manner and that the desirable goal of climate-neutral provision is getting closer.
The results are positive for the forest industry and should at the same time provide even
more motivation in order to achieve climate neutrality before all other industries. The
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road transport of timber had the highest impact on the climate change, and it is absolutely
essential to find more climate-friendly solutions from a technical and organizational point
of view.

The provision of the raw material wood can be described as climate friendly. Wood
can replace fossil fuels or, in the case of material use, materials with a higher negative
impact on climate change. However, these positive effects apply only if sustainable forest
management is carried out and the carbon stocks in the biomass, organic layers, and
mineral soils do not decrease significantly over a longer period of time [3].

An analysis of the real life of forest machines should be considered for future research.
There are different opinions on the relevance of considering the forest infrastructure. For
this reason, detailed studies on the environmental impacts of forest roads should be carried
out considering the effect of terrain conditions and additional wood that can be harvested
by opening up forests. Long-term losses of soil carbon after harvesting should be further
investigated. A follow-up project will focus on the release of soil organic carbon and green-
house gases as a result of harvesting and develop measures to improve forestry practices.

Author Contributions: Conceptualization, M.K., LK. and C.K.; methodology, M.K. and 1.K.; software,
MK. and LK; validation, M.K,, LK. and C.K.; data curation, M.K. and C.K.; writing—original
draft preparation, M.K.; writing—review and editing, C.K. and L.K,; visualization, M.K.; project
administration, M.K,; funding acquisition, M.K. and C.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Federal Ministry of Agriculture, Regions and Tourism,
Austrian Federal Forests PLC and forest enterprise Mayr-Melnhof, grant number 101206.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Most of the data presented in this study are available in: https://dafne.
at/projekte/timber-eco-balance (accessed on 29 July 2021). Further data about specific wood supply
processes are available on request from the corresponding author.

Acknowledgments: The authors would like to thank the following researchers and master’s students
at the Institute of Forest Engineering for their support in data acquisition and data analysis: Albrecht,
P, Argnani, A., Eckert, D., Galovits, M., Gruber, P., Holzfeind, T., Kirnbauer, A., Kornberger, M.,
Meifdl, A., Messner, S., Rauscher, S.

Conflicts of Interest: The authors declare no conflict of interest.
Abbreviations

FWC  Fuel wood for chipping

FWS  Fuel wood solid

GHG  Greenhouse gas

ILCD International Life Cycle Data system

IPCC  Intergovernmental Panel on Climate Change
LCA  Life cycle assessment

RW Round wood

CTL  Cut-to-length method

TL Tree-length method

WT Whole-tree method

Appendix A. Input Data for the Inventory Analysis
Appendix A.1. Establishment of Forest Stands

The assumptions for the life cycle inventory for P 1.1 are: According to the Austrian
Federal Forests PLC, 10% of the forest area planting was performed and for the rest, which

is 90% of the area, natural regeneration was preferred. For planting Norway spruce, plant
densities of 2500 plants x ha~! were suggested. If we consider that only on 10% of the total
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area planting was necessary, an average plant density of 250 plants x ha~! was used as
input data. The harvested wood during the rotation period was about 1200 m® x ha~! [56]
which means that for the production of 1 m® wood 0.2 plants were used from the planting
process. The seedlings had a weight of 0.2 kg and were transported over a distance of
200 km twice by car. As it is mainly manual planting, only the production and transport
of the plants (two-year-old saplings from the nursery) were taken into account. The LCA
values for seedling production in the nursery were derived from [57].

It was assumed that clearing of weed was carried out with a brush cutter before
afforestation (P 1.2). The assumptions for the life cycle inventory are: According to the
Austrian Federal Forests PLC, on 10% of the total forest area clearing was performed. The
productivity for the clearing process was 0.04 ha x h~!. If we consider that only on 7% of
the total area clearing was necessary, an average productivity of 0.57 ha x h~! was used
as input data. The harvested wood during the rotation period was 1200 m3 x ha~! which
means that for the production of 684 m® wood 1 h of clearing was necessary. LCA values
for the production and consumption of fuel and lubricants of the brush cutter were derived
from [58,59].

Other site preparation processes, for example soil scarification or fertilizing, are not
very common in Austrian forests and thus not included for the analysis. In case of natural
regeneration, no LCA-relevant forest processes arose.

Appendix A.2. Site Tending

Tending of young stands can be summarized as all measures that are necessary from
the time of guaranteed regeneration to the end of thickening at approx. 2 m upper height
to raise a high-quality stand. According to Austrian Federal Forests PLC, on 30% of the
forest area tending of young stands with brush cutter was performed. The productivity for
the process was 0.05 ha x h~!. If we consider that only on 30% of the total area tending
of young stands was necessary but has to be performed 2-3 times per year, an average
productivity of 0.06 ha x h™! was used as input data. The harvested wood during the
rotation period was 1200 m3 x ha~! which means that for the production of 72 m® wood 1 h
of tending of young stands was necessary. LCA values for the production and consumption
of fuel and lubricants were derived from [58,59].

According to Austrian Federal Forests PLC, on 40% of the forest area tending of thickets
stands with chainsaw was performed. The productivity for the process was 0.05 ha x h™1.
If we consider that only on 40% of the total area tending of thickets was necessary, an
average productivity of 0.125 ha x h~! was used as input data. For the production of
150 m® wood 1 h of tending of thickets was necessary. LCA values for the production and
consumption of fuel and lubricants were derived from [58,59].

Fencing, fertilization, pesticide, and herbicide application were not relevant for this
study, as these procedures are only used in exceptional cases in Austrian forest management
and they were expected to have a neglectable impact on the environment for this study.
According to [60], road building and maintenance also have a small influence on the
environmental impacts and were therefore not included.

Appendix A.3. Harvesting

For the chainsaw, a service life of 2500 h, a fuel consumption of 0.97 L x h~—! and
lubricant consumption of 0.39 L x h~! were assumed [61]. The productivity for chainsaw
operations was calculated according to the models developed by [61] and was in average
12.5m? x h™! for felling (P 3.1), 8 m® x h~! for felling and delimbing (P 3.2), 5.5 m® x h~!
for felling, delimbing and crosscutting (P 3.3), and 16 m® x h™! for crosscutting only
(P 3.18).

For harvester operations (P 3.4), a 200-kW harvester with a service life of 17,600 h, a
weight of 22,900 kg, and a fuel consumption of 40 L x h~! was modeled [62]. According
to Austrian Federal Forests PLC, the consumption of hydraulic and motor oil amounts to
0.35L x h™1, the consumption of chain oil to 0.41 L x h~!. For the transfer of harvesters by
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trailer a value of 38.7t x km x h™ ! and 0.035 h x h—lif moving on its own was assumed,
respectively. Harvester productivity was calculated using the model by [62] and was on
average 27 m® x h~1.

For winch-assisted harvester operations (P 3.5), a 145-kW harvester with a service life
of 17,600 h, a weight of 20,000 kg, and a fuel consumption of 19.8 L x h~! was considered.
According to Austrian Federal Forests PLC, the consumption of hydraulic and motor oil
sums up to 0.35 L x h~1, the consumption of chain oil to 0.41 L x h™1, the transfer of the
winch-assisted harvester to 33.8 t x km x h~! by trailer, and 0.035 h x h™! by its own,
respectively. Harvester productivity was calculated using the model by [63] and was on
average 14 m3 x h~1.

For the extraction of round wood with tractor and forest trailer (P 3.6), a 77-kW
tractor with a service life of 7000 h and a weight of 3000 kg was modeled. According
to [64], the tractor and trailer had a fuel consumption of 0.31 L x m~3. Productivity was
calculated using the model by [64] and reached on average 7.59 m® x h~1. For the extraction
of harvesting residues (P 3.7), the same tractor and trailer was used. The productivity
of the extraction process was much lower due to a lower bulk density with a value of
1.08m® x h™1.

For the extraction of round wood with skidder (P 3.8), a skidder with a service life
of 17,600 h, a weight of 10,000 kg, and a fuel consumption of 8 L x h~! was assumed.
According to Austrian Federal Forests PLC, the consumption of hydraulic and motor oil
accounted for 0.38 L x h™1, the transfer of the machine 14.7 t x km x h™! by trailer, and
0.008 h x h~! by its own, respectively. Skidder productivity was calculated using data of
the Austrian Federal Forests PLC and was on average 4.3 m3 x h~!. The same data were
used when modeling extraction of trees with skidder (P 3.9).

For the extraction of trees with tractor and winch (P 3.10), a 73-kW tractor with a
service life of 7000 h and a weight of 12,000 kg was considered. According to [65], the
tractor and winch had a fuel consumption of 0.51 L x m~3. Productivity was calculated
using the model by [65] and was on average 4.96 m® x h~!. The same dataset was used
when modeling extraction of round wood (P 3.11).

For the extraction of trees with a cable yarder and delimbing and crosscutting with
processor (P 3.12), a cable yarder and processor mounted on a 324-kW truck with a service
life of 25,000 h and a weight of 30,000 kg was assumed. According to the company Mayr-
Melnhof and Austrian Federal Forests PLC, the consumption of hydraulic and motor oil
amounted to 0.37 L x h™1, the consumption of chain 0il 0.33 L x h~1, the transfer on its own
0.042 h x h~!. Productivity was calculated using data of forest enterprise Mayr-Melnhof
and was on average 11.6 m3 x h=1.

For the extraction of round wood with a forwarder (P 3.14), a 136-kW forwarder with
a service life of 17,600 h, a weight of 18,100 kg, and a fuel consumption of 11.6 L X h1
was modeled. According to Austrian Federal Forests PLC, the transfer of the machine
added up to 28.2 t x km x h~! by trailer and 0.02 h x h~! when moving on its own,
respectively. Productivity was calculated using the model by [65] and amounts in average
to 16.15 m? x h~1. For the extraction of harvesting residues (P 3.15), the same forwarder
was used. The productivity of the extraction process was much lower with a value of
75m3 x h™1.

For the extraction of round wood with a winch-assisted forwarder (P 3.16), a 145-kW
winch-assisted forwarder with a service life of 17,600 h, a weight of 12,500 kg, and a fuel
consumption of 11.6 L x h™! was calculated. According to Austrian Federal Forests PLC,
the transfer of the machine amounted to 19.5 t x km x h~! by trailer and 0.02 h x h™!
on its own, respectively. Productivity was calculated using the model by [66] and was on
average 124 m3 x h™1.

For the extraction of round wood with a cable yarder (P 3.17), a 175-kW cable yarder
with a service life of 25,000 h, a weight of 13,500 kg, and a fuel consumption of 12 L x h-1
was modeled. According to Austrian Federal Forests PLC, the consumption of hydraulic
and motor oil averaged out at 0.25 L x h~! and the transfer of the machine on its own
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0.02h x h™!. Productivity was calculated using the model by [67] and added up on average
to8.3m3 x h™1.

For delimbing and crosscutting with processor (P 3.19), a 120-kW excavator with a
service life of 17,600 h, a weight of 20,000 kg, and a fuel consumption of 18.7 L x h1
was modeled. According to Austrian Federal Forests PLC, the consumption of hydraulic
and motor oil averaged out at 0.37 L x h™1 the consumption of chain oil 0.33 L x h—1,
the transfer of the machine 47.4 t x km x h~! by trailer, and 0.096 h x h~1! on its own,
respectively. Productivity was calculated using data of Austrian Federal Forests PLC and
was on average 13 m? x h™1.

For chipping energy wood (P 3.20), a chipper mounted on a 353-kW truck with a
service life of 15,000 h, a weight of 22,000 kg, and a fuel consumption of 40.5 L x h1!
was assumed. According to [68], the consumption of hydraulic and motor oil sums up to
092L x h™! and to 137.5t x km x h~! when assuming a self-driven transfer. Productivity
was calculated using the model by [69] and was on average 26.8 m3 x h™1,

Appendix A.4. Transport

For the transport of round wood with tractor and trailer (P 4.1), a 77-kW tractor with a
service life of 7000 h and a weight of 3000 kg and a small agricultural trailer with a service
life of 1200 h and a weight of 1500 kg was assumed. The payload was 10 t, and the average
fuel consumption was 1.25 L x h™1. Average transportation distance was 2 x 15 km which
considers a utilization rate of 50% based on a full trailer from the forest to the mill gate
and empty on the way back [70]. For the transport of round wood with round wood truck
(P 4.2), a 350-kW truck with a service life of 540,000 km, a payload of 22 t, and an average
fuel consumption of 77 L x 100 km~! [71] was used. Average transportation distance was
2 x 80 km which considers a utilization rate of 50%. For the transport by railway (P 4.3), a
payload of 60 t per wagon and a transportation distance of 227 km was considered.

For the transport of wood chips with tractor and trailer (P 4.4), the same tractor as
in P 4.1 and a trailer with a payload of 16 loose m® (6.4 solid m?) was used. The average
transportation distance was also 2 x 15 km. For the transport of wood chips with truck
(P 4.2), a 350-kW truck with a service life of 540,000 km, a payload of 25 t, and an average
fuel consumption of 50 L x 100 km~! [69] was used. Average transportation distance was
2 x 54 km which considers a utilization rate of 50%.

According to Austrian Federal Forests PLC, for the harvesting of 70,000 m?3 of wood,
transportation of staff by car (P 4.6) of 21,879 km is necessary. For the utilization of 1 m? of
wood, a distance of 0.313 km is necessary.
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