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*  CO;emissions from timber supply comprise only 1.5-5% of the CO, stored in wood.

» Distance to the mill has the greatest influence on CO, emissions.

*  Successful application by combining a few variable parameters from forest machine data with
constant parameters to create a net carbon storage of the supplied timber.

»  Simple presentation of the net CO; storage capacity of wood can influence policy positively.

Highly mechanized timber harvesting and timber logistics emit CO5. In turn, the provided timber
stores CO; from the atmosphere as biogenic carbon. This basic assumption resulted in the calcula-
tion of net carbon storage of supplied timber. For this, we first developed a formula that represents
the carbon content of freshly harvested timber. Coniferous wood contains about 734 kg CO, m™3
and deciduous wood about 1000 kg CO, m3. Contrary to this, CO, emissions from trucks, harvest-
ers, and forwarders were calculated using the variable parameters for actual diesel consumption
and the distance to the sawmill and constant parameters for the transport of the machine to the
stand, lubricants, transport of operators, loading, and fabrication, supply, and maintenance. The
method was tested on an actual harvest. The principal findings are that the method is practical,
the net carbon storage of the supplied timber is reduced by 1.5% to 5% by harvesting and trans-
port activities, and timber logistics is the largest contributor to emissions. The CO, emissions for
harvesters and forwarders are about 4 kg CO, m=3, and for downstream timber logistics across
all assortments and distances is 11 kg CO, m—3. We conclude that the emissions are low, vis-a-vis
the storage capacity. Emissions and a standardized calculation model are imperative. The model
developed here for mapping the net carbon storage of roundwood highlights the climate protec-
tion performance of timber and contributes to optimizing climate-friendly timber supply chains.
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1 Introduction

With the increase in the effects of climate change impact, global demand for sustainably sourced
renewable timber is rising because timber and timber-related products are acknowledged stores of
carbon. In 2015, 335 megatons of CO, were stored annually in harvested wood products (HWP).
In 2030, the CO, storage capacity in HWP will increase to 441 megatons, which is still less than
1% of the global CO, emissions (Johnston and Radeloff 2019). Besides its sink effect in the form
of long-term carbon storage, timber is also considered for substituting fossil fuels in energy use
and as a low-emission substitute for energy-intensive building materials such as aluminium, steel,
and concrete (Marchi et al. 2018). Forests can be designated as carbon sinks only when sustain-
able forest management is accompanied by increased (long-lasting) timber consumption (Tellnes
etal. 2017).

Mapping biogenic carbon flows is challenging, especially for timber and timber-based prod-
ucts. Long-term sequestration is subject to many factors in forests and timber-derived products,
such as the duration of use and the number of recycling cycles (Tellnes et al. 2017). To map the
Global Warming Potential (GWP) of wood products and, consequently, the use of forests, we found
it useful to minimize the complexity of the entire value chain by focusing on a single fragment,
viz., timber supply.

The resource timber is said to be CO,-neutral under the principles of sustainable forest
management, which is supported by the Food and Agriculture Organization of the United Nations
(FAO). However, discussions are continuing, particularly for energy wood consumption (FAO
2015; Head et al. 2019). Admittedly, a positive impact on the climate can be realized only by a
(temporary) prevention of the emission into the atmosphere of the biogenic carbon previously
accumulated in the timber through its use. Carbon storage in wood is assured only if timber prod-
ucts retain the carbon stored therein. The process is then accounted as sequestered CO,. The term
carbon storage is understood here as CO; stored in wood and follows the example of Kazulis et al.
(2017). Wood combustion releases carbon and causes additional CO, emissions through harvest,
transport, and any form of manipulation, but still substitutes fossil fuels (Tellnes et al. 2017; Aras
and Kalaycioglu 2020). Trees accumulate an average of 900 kg CO, m= across all tree species.
The carbon sequestrated throughout the tree’s lifetime is stored within timber products and forests
act as a carbon sink only in managed forests. In unmanaged forests, the accumulated carbon is
released back into the atmosphere. However, depending on the intensity, timber harvesting can
lead to increased emissions of greenhouse gases (GHG) from the forest soil (Johnson and Curtis
2001; Davis et al. 2009; Achat et al. 2015; Schulze et al. 2022). About 50% of the harvested wood
is refined into lumber and furniture, which represents long-term carbon storage (Solarin et al. 2019;
Aras and Kalaycioglu 2020).

To better understand the importance of these additionally caused CO, emissions, a com-
parison with the carbon storage capacity of timber is required, particularly for highly mechanized
harvesting systems (Klein et al. 2015; Labelle and Lemmer 2019). During timber harvesting,
CO; is emitted by forest machine operations. The ratio of CO, emissions depends, inter alia, on
the diesel consumption of the machines, the transport distance to the mill, the load carrier, and
the total load (Busenius et al. 2015). Additionally, the transport of forest machines and workers
to the harvesting site, the use of lubricants, and the fabrication and maintenance of machines are
highly important. Therefore, the efficient use of resources is the decisive factor in minimizing the
impact on the environment and further increasing the climate protection performance of forestry
and timber use. The range of CO; emissions depends on several factors that can reduce the net
carbon storage by up to 7% (Buonocore et al. 2014; FAO 2015; Marchi et al. 2018; Schweier et
al. 2019).
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Particularly, harvesters and forwarders continuously measure timber data and data on the
machine’s own operation. The fieldbus systems on the machines connect all measuring units,
such as in the harvester head, where the diameters and lengths are recorded, or from the engine
compartment where the diesel consumption is measured. The availability of performance data
enables machine operators to constantly improve. Engineers can use this data to improve machine
performance. The transmission of the data is standardized and is available in consistent quality.
This paper also promotes the use of data sets that are always collected anyway for further use,
such as for mapping CO; emissions, here. The use of assortment data and CO, emissions repre-
sents only a fragment of the possibilities of forest machine data use. Thus, this study will make an
important contribution to the dissemination of wood data and raw material flows without media
discontinuity through the entire wood supply chain and satisfy the need to track the status of CO,
emissions of wood products.

Recording the CO, emissions for individual processes and products is the first step in reduc-
ing them. Revealing this advantage by making available the status of CO, emissions can increase
the competitiveness of timber (Aras and Kalaycioglu 2020). The solid representation of CO, emis-
sions during timber harvesting versus the sink performance of the provided timber can contribute
to preventing the closure of forest areas for usage when arguing with policymakers. Studies of CO,
emission based on forest machine data are important for credibility and help in reducing emissions
(Haavikko et al. 2022; Eliasson et al. 2023).

In the next five years, a decisive course will be set for the use of wood in the European Union
(EU). Policymakers are negotiating whether the EU Biodiversity Strategy (EUBDS) for 2030 will
lead to a withdrawal of the forests from management by 47% in the most intensive scenario or 9%
in the moderate scenario. The modeled consequences of the leakage effect, caused by an extensive
withdrawal from wood production, show a negative impact on biodiversity, jobs, the economy, and
ultimately on climate protection too (European Commission 2020; Schier et al. 2022).

Highlighting the positive characteristics of timber use in climate protection performance
can contribute to technically sound legislative proposals. One of the political strategies is “Fit for
55” of the EU. For the forest sector, the objectives are specified in the criteria on land use, land
use change, and forestry (LULUCF). It fosters a carbon-neutral forestry and agriculture sector,
mainly by reserving large areas of forests (Schier et al. 2022). Fit for 55 focuses narrowly on
increasing the carbon pool in forests through forest closures and the ban on harvesting but ignores
the climate-positive effect of wood products, as well as the socio-economic importance of the
resource (Kohl et al. 2021).

Whether this is realistic is questionable because unmanaged forest areas, especially old-
growth forests, although hotspots for biodiversity, do not serve as effective carbon sinks. Instead,
through all kinds of decay, such as calamities, windthrows, snow breaks, fungal decays, and natural
senescence, forests turn into carbon emitters. Young and middle-aged forests, on the other hand,
absorb large amounts of carbon by their fast growth. Therefore, it is necessary to keep as many
forest areas as possible under management. The basic assumption is that unmanaged forests emit
more CO; than they absorb (Metslaid et al. 2022). Particularly, the substitution of energy-intensive
building materials (steel, concrete) appears to promote the management scenario (Klein et al. 2013).
However, there are other opinions. For instance, it is widely held and scientifically proven that
reducing forestry interventions has a positive effect on the climate by increasing forest stocks (Skytt
et al. 2021). Essentially, it must be decided whether to prioritize the short-term climate-positive
effects of forest closure by increasing stocks, or promoting wood products through timber harvesting
and thus achieve a positive climate impact through substitution effects and CO, storage in wood
products (Gustavsson et al. 2021). A stronger reflection of this within the EU’s plans would be
welcome to better include forestry in the carbon market. In 2024, a framework is to be established
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to map the sink performance of forests and wood products. If this standard proves robust, forestry
could be covered by the Emissions Trading Scheme (ETS). In the long term, natural CO, sinks,
such as forests and timber products, will play a crucial role in offsetting the remaining carbon
emissions. The EU envisions its industry and households to be CO,-neutral by 2050, which can be
achieved only by storing the remaining emissions in carbon sinks for the long term. To achieve this,
it will be necessary to precisely measure and report on captured carbon (Simon 2020). However,
the political efforts to take European forests out of management on the one hand and the political
ideas for more timber construction, bioeconomy, and CO; neutrality on the other, require an exact
presentation of the carbon removal performance of the resource timber, especially compared to
fossil substitutes (D’Amato et al. 2020).

This paper presents a method to determine the net carbon storage of supplied timber in
highly mechanized timber harvest and downstream logistics. The method is explained through a
simple example of real harvesting data.

2 Thematic positioning and state of the art

2.1 Sustainability Impact Assessment, Life Cycle Assessment, and Sustainable Forest
Operations

Sustainability Impact Assessment (SIA) and Life Cycle Assessment (LCA) study the environ-
mental impacts of products and processes at all stages of the value chain. Both reduce negative
impacts through an improved and targeted information-driven management of processes. Par-
ticularly, the SIA and LCA serve as decision-making tools for legislative interventions by poli-
cymakers (Schweier et al. 2019; Zhang et al. 2020). They further serve as a basis for the carbon
footprints of products to which the CO, emissions are mapped throughout a product’s lifetime
(Tellnes et al. 2017). LCA and SIA are both considered by the International Organization for
Standardization (ISO) as suitable means to describe the climate-positive attributes of timber and
optimize sustainable forest operations from the emissions aspect (Timmermann and Dibdiakova
2014; Labelle and Lemmer 2019; Valdivia et al. 2021). Both methods represent end-of-life sce-
narios and are therefore important for robust decision-making processes regarding environmental
and climate protection measures. For Roundwood, this is a realistic target now (Linkosalmi et
al. 2020). The cradle-to-grave approach makes sense for wood utilization, although individual
processes within the utilization cascade also deserve scrutiny. Even though LCA has been in
use since the 1960s, gaps still exist concerning the forestry and the timber industry. Therefore,
holistic analyses are lacking on the scope of the system boundaries from regeneration in the stand
to energetic use at the end of life. Most studies related to the forest-wood cluster have a clear
focus on CO;-neutrality and environmental impact assessment (Klein et al. 2015; Linkosalmi et
al. 2020). Forest operations are interventions in forest ecosystems with the goal of management.
They include forest road construction, preparation, and planting, thinning, and timber harvesting
(Athanassiadis 2000). Sustainable Forest Operations (SFO) can be seen as a special part of an
SIA. SFO focuses on minimizing negative impacts caused by timber harvesting on the environ-
ment and employees, supporting positive benefits for the society, optimizing production and eco-
nomics, and in particular, not compromising the use of timber as a resource for future generations
(Marchi et al. 2018). This also explicitly refers to low-emission technologies to reduce greenhouse
gases (GHG) from timber supply (Marchi et al. 2018).

In this field, Linkosalmi et al. (2020) addressed the whole value chain (cradle-to-grave)
in a literature review. The study based its proposal for a timber LCA on DIN EN 15804 (2019),
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which classifies the LCA into A 1-3 production, A 4-5 installation, B supply and use, C final
recovery, and D recycling outside the system boundaries. The pure production phase summarizes
the wood supply up to the forest road in A1. This is followed by transportation (A2), production
at the mill (A3), transportation to installation (A4), and installation/assembly (AS5). The utilization
phase includes the period of use and type of use, repairs, renovation, maintenance, replacement,
water consumption, and energy consumption (B1-B7).The final recycling represents the end of
the product/structure and includes demolition/destruction, transportation, waste recycling, and
finally, landfilling (C1-4). The recycling phase describes the elusive benefits and positive impacts
of cascade use (D). The authors also focus on the refinement of timber, its use over its lifetime,
and finally, the recycling phase or final energy use (Eliasson et al. 2021; Strubergs et al. 2021). In
the model of Linkosalmi et al. (2020), our observation horizon is in phases A1 and A2.

Klein et al. (2015) designated six process groups based on an extensive literature review and
found that there is no standardized chain of custody for forest (cradle-to-gate) processes. Group
1 includes all secondary processes (action planning, mechanical engineering, road construction,
machine transportation, personnel, and machine accommodation, seedling production, seedling
transportation, fuel, and other inputs). Group 2 comprises the preparation of the stand establish-
ment. Group 3 represents the maintenance of the stand after establishment (fence construction,
fertilizer, irrigation, and use of plant protection products). Only in group 4 are all silvicultural
measures summarized (planting, young stand maintenance, pruning, thinning, harvesting, backing,
and assortment). Timber supply at the forest road marks a break in the value chain. Although this
break should not be there in a continuous chain of custody, it represents a change of ownership,
as does the mill entry of the timber. Subsequent groups 5 and 6 include logistics and chipping.
Klein et al. (2015) studied traditional wood supply to the mill (cradle-to-gate), thus considering
raw material supply. In the model of Klein et al. (2015), our observation horizon is in groups 4
and 5, although not all processes described in group 4 are represented.

2.2 Degree of mechanization and functional unit timber

The timber harvesting process is generally divided into the activity groups of (1) tree felling, (2)
processing, and (3) extraction of logs. The degree of mechanization describes how the activities are
performed, namely manual/motor-manual or mechanized (Erler 2000). For (fully) manual, (fully)
motor-manual, partly motor-manual, and partly mechanized harvesting processes, only a few stud-
ies on CO, emission exist, with data suitable for this study (Willems 2015; Erler et al. 2020). In
contrast, fully mechanized harvesting systems were intensively studied within the last decade and
provide suitable data via the CAN-Bus and the StanForD interface (standard for forest machine
data and communication) (Skogforsk 2021). According to DIN ISO 6814 (2016), the following
machines are permissible for work in highly mechanized timber harvesting: (i) feller-buncher that
only cuts down trees and assigns them to bunches; (ii) harvesters that are self-propelled, capable
of felling, delimbing, and bucking; (ii1) forwarders that carry logs/trees fully suspended; (iv) skid-
ders, mostly equipped with a grapple or clambunk that drags parts of trees or whole trees behind
the machine (sometimes caterpillars perform the same work); (v) yarders that extract trees with
ropes and, with the appropriate setup, can also process them; (vi) stroke-delimbers that delimb the
branches from the trunk; (vii) feller-forwarders (harwarder), which cut down trees and can move
them in a carrying manner (Morat et al. 1998; Berendt et al. 2020; Erler et al. 2020; KWF 2023).
The machines used should be able to provide StanForD-enabled data sets in the form of production
and machine performance reports. This study focuses on a system of harvester and forwarder, well
known as the Cut-to-Length harvesting system (CTL) (Fig. 1). In each case, trucks are required
for log transportation, regardless of the process.
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Fig. 1. Functions of fully mechanized timber harvesting (CTL) with harvester, forwarder, and truck from standing tree
to assortment (Y-axis, condition of timber, and technical manipulation) and from forest stand to sawmill (X-axis, loca-
tion of timber, and spatial manipulation). The functiogram shows the technical and spatial manipulation of the timber
in the supply process according to the KWF templates (KWF 2019).

ISO 14040 (2009) describes the functional unit (FU) as the “quantified performance of a
product system for use as a reference unit”. It represents a significant part of an LCA. The FU is a
reference according to which all data and calculations are oriented. It ensures that all values within
a system have a fixed reference point that remains constant (Perez et al. 2024).

In a functional unit, 12 variants are commonly used. These can be clustered into dimension,
area, time, mass, and energy. The units for dimension are m3 u.b. (under bark), m? 0.b. (over bark);
those for area are ha or m?. Those for time are h, specifically pmhy (productive machine hour, which
describes the time of productivity for mechanized timber harvesting vis-a-vis times of downtime)
(Yoshimura et al. 2023), year, or day. The units for mass are tyyen drys tearbon and those for energy
content are MWh and MJ (megawatt hour and megajoule). The most meaningful functional units
are m? 0.b. and m3 u.b. for wood supply. The unit is used in the entire value chain at a rate of
61% (Puettmann et al. 2013; Klein et al. 2015; Cosola et al. 2016; Klein et al. 2016; Labelle and
Lemmer 2019). 1 m? of timber can also be used as a default unit, according to ISO 14044 (2006)
and ISO 14067 (2018). CO, emissions have been projected as kg CO, m3 to the functional unit.
Accordingly, the output quantity is kg CO, per cubic meter (kg CO, m3) (Labelle and Lemmer
2019). The output unit also includes the other GHGs as CO; equivalents. However, the focus of
our study is not the individual GHGs, which is why they have been grouped together. For better
readability, the addition “eq.” (equivalent) is omitted.

2.3 Harvester and forwarder data

Modern forest machines equipped with full onboard computers (OBC) generate StanForD-com-
pliant data about machine performance and from the harvesting process (Skogforsk 2021; Woo et
al. 2021). Besides others, diesel consumption is documented by OBC automatically, enabling a
correlated analysis of the CO, emissions during the harvesting process and, therefore, of the CO,
emissions per harvested cubic meter of timber (Dias et al. 2007).
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Developed in the 1980s for forestry machines, StanForD has been continuously improved
and used by all relevant manufacturers. In 2010, the latest version was published in .xml format,
allowing more detailed management and analysis of the machine data (Kemmerer and Labelle
2021; Skogforsk 2021). This enables specific training of the operator skills (Strubergs et al. 2021),
contributes to lower harvesting costs, and can potentially increase machine productivity (Roth
2016). The StanForD data packages can be divided into two categories: (i) instructions to the
machine and its operator and (ii) production reports from the machine. Instructions provide the
harvester with information about the assortments to be harvested (product instruction—pin, object
instruction—oin, species group instruction—spi) and about site conditions (object geographical
instruction—ogi). The forwarder, on the other hand, receives instructions about which assortments
to move where (forwarding object instruction—foi) (Skogforsk 2021).

StanForD also allows the retrieval of production reports. The most important production
reports, which are also used in this work, are harvested production—hpr and forwarded production—
fpr. The graphical representation of the reports is done through a GIS layer, the object geographical
report—ogr. The production reports contain the assortment, log length, log diameter, individual
log number, tree species, GPS-position, process type, and resource consumption (Arlinger 2014;
Skogforsk 2021). To obtain more detailed information about the individual log, the production
individual files .pri are used, which contain data about the individual tree, the associated log pieces,
the diameter measured every 10 cm, volume, log classification, stem identification number, and
sales length. In case the .pri data are used, the allocation of the input consumption to the assort-
ment would be possible and even traceable to the stump, provided the harvester is equipped with
GPS (Woo et al. 2021). Other positive aspects of using data are responding to the challenges of
climate change, supporting forestry digitization, addressing calamities, optimizing the bucking
process, and increasing overall productivity (Kérha et al. 2017; Kemmerer and Labelle 2021).
Besides the advantages of using StanForD data, which are mainly expressed in the data quality,
the high degree of automation, and the potential to better understand machine performance and the
harvesting process, StanForD is also faced with challenges. Data acquisition is possible only when
the harvester head is connected to a controller embedded in the OBC. The data are not provided
in a human-readable format and require manufacturer-specific software to view or interpret (Woo
et al. 2021). Automated reading of the data is not guaranteed due to the different versions of the
standard. Therefore, interfaces may have to be programmed or data to be transferred into specific
databases (Purfiirst and Erler 2011). The results from measuring the timber with the harvester
head must be calibrated and sometimes deviate from the results from the measurements at the
mill entrance. Besides results differing due to varying measurement methods, errors can also be
caused by lost logs, various conversion factors, failure to comply with contractual provisions, or
a misunderstanding between commercial and physical volumes. These errors can make the exact
determination of carbon content difficult and must be mentioned here.

2.4 System boundaries of wood supply chains and major factors determining results
of STA/LCA

Several studies have analyzed harvesting-related emissions, as shown in Table 1. However, only a
limited comparison of these study results is possible because of different system boundaries within
the studies and different harvesting systems, functional units, and management strategies analyzed.
About 60% of the forestry-focused studies set the boundaries at the transfer of timber to the mill
(Klein et al. 2015; Linkosalmi et al. 2020).

Depending on the focus of the study, system boundaries were typically set from the beginning
of tree felling to log stacking along the roadside (Dias et al. 2007; Zhang et al. 2016; Labelle and
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Table 1. Summary of the relevant reviewed literature with the most significant constants for this paper. The table
consists of the reviewed literature, the year of the study (not the publication date) and origin, the CO, emissions, and
the constants relevant to this paper. The literature answered heterogeneous questions and therefore produced heteroge-
neous results. We determined the data on total emissions, those of the harvester use and those of the forwarder use in
thinning, final felling, and later thinning, for timber transport, as well as for standard processes such as loading of the
timber, relocation of the machine, machine fabrication/supply and maintenance, lubricants, and transport of operator to
the job. The values had to be partly converted to get our standard value kg CO, m=3 or kg CO, m=3 km™! (carbon diox-
ide (kg) per cubic meter of wood or carbon dioxide (kg) per cubic meter of wood and driven kilometer). If no values for
transport are available, they are not included in the total, i.e., they only refer to harvester and forwarder use (column 3).

Reviewed Literature Year/Origin CO, Emission referred to kg CO; m>  Constants of Interest referred to kg CO, m3

Kithmaier (2022) 2018/Austria Total: 25.63 Transport of Machine: 0.013
Harvester: 3.4 Lubricants: 0.118
Forwarder: 3.7 Transport of Operator: 0.079

Truck Transport: 0.02695 km™!
Railway Transport: 0.00939 km™!

Karjalainen (1996)  1996/Finland No Total
Harvester (thinning): 3.896
Harvester (final felling): 1.857
Forwarder (thinning): 1.918
Forwarder (final felling): 1.423
Truck Transport: 0.0303 km™!
Railway Transport: 0.0187 km™!
Waterway Transport: 0.0149 km™!

Lijewski (2017) 2017/Poland No Total
Harvester (final felling): 2.112
Forwarder: 1.505
Truck Transport: 0.0616 km™!

Klvac (2013) 2011/Czech Total (final felling): 12.3

Truck Transport: 0.131 km™!
Puettmann (2013) 2011/USA Total (final felling): 14.5 Lubricants: 0.077
Dias (2007) 2000/Portugal No Total Loading Truck: 0.386

Harvester (final felling): 2.315
Forwarder (final felling): 2.431

Labelle (2019) 2018/Germany Total (only thinning): 3.962 Lubricants (Harvester): 0.0197
Harvester: 1.325 Lubricants (Forwarder): 0.0112
Forwarder: 1.853 for AdBlue, Grease, Oil

Haavikko (2022) 2016/Finland Total (average): 4.259 Relocation of Machine: 0.325

Total (final felling): 3.14
Total (thinning): 5.274
Harvester (later thinning): 1.151
Harvester (final felling): 0.893
Forwarder (later thinning): 0.771
Forwarder (final felling): 0.846

Zhang (2016) 2009/USA Total (average): 6.994 Machine fabrication/supply/maintenance:
Total (clear cut): 5.7 0.112
Total (selective cut): 8.2875
Handler (2014) 2009/USA Total (average): 15.35 Machine fabrication/supply/ maintenance:
Total (clear cut): 12.3 0.5375
Total (selective cut): 18.4 Loading Truck: 0.9625

Truck Transport: 0.03625 km™!
Railway Transport: 0.00825 km™!

Karha (2022) 2020/Finland Total (average): 4.46 Transport of Operator: 0.3705
Total (final felling): 3.64 Relocation of Machine: 0.3249
Total (thinning): 6.23
Harvester (thinning): 3.96
Harvester (final felling):2.06
Forwarder (thinning): 2.27
Forwarder (final felling):1.58
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Lemmer 2019; Kérhé et al. 2023a). However, none of the studies included operational planning,
such as stand preparation or cruising for stand selection. Only a few studies included transporta-
tion in the analysis (Karjalainen and Asikainen 1996; Klvac et al. 2013; Puettmann et al. 2013;
Handler et al. 2014; Lijewski et al. 2017; Kiihmaier et al. 2022), which is often related to unknown
transportation time planning. CO, emissions significantly increase when transportation is included
in the analysis (Handler et al. 2014). Generally, more than half of the emissions along the wood
supply chain can be allocated to wood transport. For example, Karjalainen and Asikainen (1996)
determined the CO, emissions of harvesting systems in Finland in 1993, which amounted to 8%
of the carbon stored in the provided timber. A major part of these emissions is caused by the trans-
port of the logs to the mill (57%), followed by log extraction (18%), and tree felling including
processing (13%). How the timber is transported also has an impact. Transport by ship emits the
least CO,, followed by rail transport. Most emissions are during truck transport (Karjalainen and
Asikainen 1996; Kiihmaier et al. 2022; Kéarha et al. 2023b).

The selected silviculture management system gains great influence on the specific emissions,
especially between thinning operations and final cuts, where the harvesting-related emissions are
about twice as much in thinning, compared to final felling (Haavikko et al. 2022; Karjalainen and
Asikainen 1996; Kérha et al. 2023). This also includes the tree species to be harvested, as Dias et
al. (2007) pointed out when comparing cuts in pine plantations and eucalyptus plantations.

The influences on CO, emissions due to the choice of harvesting systems (and the technology
used) mainly concern the degree of mechanization (the motor-manual, the semi-mechanized, and
fully-mechanized systems) (Dias et al. 2007; Labelle and Lemmer 2019; Kiihmaier et al. 2022),
which depends primarily on the adapted use of technology for the job. For example, Labelle and
Lemmer (2019) revealed figures of 3.412 kg CO, m3 0.b. for manual harvesting, 2.937 kg CO, m3
0.b. for semi-mechanized harvesting, and 1.598 kg CO, m3 o.b. for highly mechanized harvest-
ing, making fully mechanized harvesting the most efficient type, although it consumes the highest
amount of diesel. Semi-mechanized harvesting has a lower CO, potential in thinning and over
the full rotation. Kithmaier et al. (2022) identified the combination of chainsaw and tractor in the
manual process as the most climate-friendly, although the productivity was several times lower
than in highly mechanized harvest.

3 Materials and methods

A strong engagement of stakeholders in this study was realized by a two-day workshop with the
representatives of Hohenloher Spezial-Maschinenbau GmbH & Co. KG (HSM), Komatsu Forest
GmbH, NUHN GmbH & Co. KG for John Deere and WAHLERS Forsttechnik GmbH and Co.
KG for Ponnsse. Additionally, representatives of the state forestry administrations were involved
in the workshop, in which the system boundaries were set between the standing tree and the mill
entrance. The reference unit for all calculations was kg CO, m= 0.b. The reference volume was
the harvested timber of the cut, not considering unused assortments (branches, slash material,
stumpage, etc.). Data of the harvested timber were assessed from the harvester OBC. From the
theoretical stored carbon within the harvested timber, all manipulation activities that consume
energy, such as harvesting by harvesters, log extraction by forwarders, and transportation by trucks,
were logically subtracted.

The wood density of the timber is required to calculate the species-specific carbon content.
This indicates how much kiln-dried timber is contained in 1 m3 of freshly cut timber. The timber
properties of the tree species provided by Wagenfiihr and Wagenfiihr (2003) and Lohmann and
Blosen (2021) are kiln density (d0) and total shrinkage of the volume (sV), which result in the
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species-specific wood density of fiber-saturated timber (dfs), as shown in Eq. 1 (Lohmann and
Blosen 2003; Wagenfiihr and Wagenfiihr 2021). Since it was not possible to monitor the moisture
content of the wood during the study, we assumed that the timber was fiber-saturated. The amount
of CO; accumulated in the supplied timber was calculated by multiplying the tree species-specific
wood density by the carbon content of timber at 51.9%, and the factor for converting carbon(C)
to CO; (3.67 or 44/2, which corresponds to the molar mass of CO, vis-a-vis carbon) (see Eq. 2
and Eq. 3) (Lohmann and Blosen 2003; Kollmann 2013; Bloche-Daub et al. 2016; Scholz et al.
2018). Setting the carbon content of timber at 51.9% was as per Diestel and Weimar (2014), who
suggested that the percentage is more precise. The carbon content is usually set around 50%. The
possible variations depending on tree species and provenance are addressed in the discussion. We
use the term carbon content to indicate the content of biogenic carbon in wood, following Lamlom
and Savadige (2003). For the calculation of the carbon content of the bark, the raw density of the
respective timber was used for simplification purposes and the same carbon content of the specific
species (see Table 2) was assumed for the following calculations (Werner 2017; Hagauer et al. 2009).

100—-sV
dfs=d0— 1
Ifs 100 @
C = dfs x51.9% (carbon content ) (2)
CO; = Cx3.67 (conversion factor ) 3)

Table 2. Properties of the main European species of timber for calculating the carbon content in freshly cut wood.
Oven dry (kiln) density with 0% moisture content in kg m~3 (d0), Total shrinkage of the volume of the raw wood dur-
ing drying in % (sV); wood density of fiber-saturated timber in kg m= (dfs), carbon content of timber in kg m= (C).
For the calculation of the specific carbon content (C), a carbon content of 51.9% was assumed. CO, is obtained by
multiplying the specific carbon content of the tree species by the carbon-to-carbon dioxide conversion factor of 3.67.
Other deciduous trees include Acer; Pyrus communis, Castanea sativa, Alnus, Fraxinus excelsior, Prunus avium, Tilia,
Juglans, Robinia pseudoacacia. Other conifers include Tsuga, and Pinus strobus/radiata.

Tree species Kiln density Total shrinkage ~ Wood density Carbon content CO; content
(Wagenfiihr and  (Wagenfithr and  fiber-saturated kg m3 (C) kg m3 (CO»)
Wagenfithr 2021; Wagenfiihr 2021; kg m= (dfs)
Lohmann and Lohmann and
Blosen 2003) Blosen 2003)
kg m™3 (d0) % (sV)
Conifer
Other conifers 200 734
(Diestel and Weimar 2014)
Pseudotsuga menziesii 470 11.9 414.07 275 788.692
Picea abies 430 11.8 379.26 197 722.388
Pinus sylvestris 490 11.8 432.18 224 823.186
Abies alba 410 10.85 365.515 190 696.207
Larix decidua 550 13.2 477.4 248 909.318
Deciduous
Other deciduous 275 1009.25
(Diestel and Weimar 2014)
Fagus sylvatica 680 17.9 558.28 290 1063.373
Quercus robur 650 14.1 558.35 290 1063.506
Betula pendula 610 13.95 524.905 272 999.802
Populus nigra 410 12.5 358.75 186 683.322
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The example of Pseudotsuga menziesii (Mirb.) Franco (Douglas fir) (Missouri Botanical
Garden 2024) is used here to show how the specific carbon content, or the CO, stored in it, was
calculated. The shrinkage rate, which is 11.9% for Douglas fir, is subtracted from the kiln density,
which is 470 kg m3. This results in a wood density in fiber-saturated wood of 414.07 kg m=3. This,
in turn, is multiplied by the carbon content of the wood (51.9%), resulting in an approximate value
for the carbon content of 214.9 kg CO, m3. If this is now converted with the factor of carbon to
CO, (3.67), the result is 788.7 kg CO, m=3 for Douglas fir. For Picea abies (L.) H. Karst. (Norway
spruce) (Missouri Botanical Garden 2024), this is 722.39 kg CO, m~3 (Table 2). The taxonomic
nomenclature is based on Tropicos (Missouri Botanical Garden 2024).

The CO, emissions from timber harvesting result from the combination of real variable data
from forestry machines (.hpr and .mom of the harvester and .mom of the forwarder) and constant
parameters (constants) from averaged values that are difficult to determine from real data, as dis-
played in Table 3. As can be seen from equation 4, the diesel consumption of the harvester and
forwarder (from .mom, in 1) is first added, divided by the amount of wood (from .hpr, in m?), and
multiplied by the conversion factor (diesel to CO,, 3.28 kg CO, 11) to calculate the emissions
by fuel combustion (Handler et al. 2014). The constants for fabrication, supply, and maintenance
(0.538 kg CO, m3) (Handler et al. 2014), for lubricants (0.118 kg CO, m™3), transport of the machine
to stand (0.013 kg CO, m3), and transport of the operator to the operation (0.079 kg CO, m)
(Kithmaier et al. 2022) are added to this to calculate the grey emissions. Generally, grey emis-
sions are defined as the form of emissions required for the production and provision of goods or
services (Paschotta 2023). Here, in particular, we refer to emissions not directly measurable in the
form of diesel consumption as grey emissions. The values are included twice in the equation as

Table 3. Constants taken from the literature are divided into two operations — harvesting (forwarder and harvester)
and timber transport. The parameters to be used in the calculation are either variables such as the data from the for-
estry machine on diesel consumption, kilometers driven, and timber volume, or constants. The constants refer either
to kg CO, m— (carbon dioxide (kg) per cubic meter of wood and driven kilometer) for distances traveled in timber
transport or to kg CO, m= (carbon dioxide (kg) per cubic meter of wood) related to volumes of timber provided. For
harvesters or forwarders, the constants are transport to stand, lubricants, transport of operators, and fabrication, supply,
and maintenance apply. The constants must be considered twice in the calculation, as they apply to both harvesters and
forwarders. For timber transport by truck, the constants are lubricants, loading and fabrication, supply, and mainte-
nance. For transport by ship or train, again constants apply.

Operation and machine Source of emission Parameter Parameter value (CO,)
Harvesting/Forwarding Fuel (Diesel) Variable 3.28 kg I'! (Handler et al. 2014)
(Harvester or Forwarder) Volume Variable m3
Transport to stand Constant ~ 0.013 kg m™3 (Kithmaier et al. 2022)
Lubricants Constant ~ 0.118 kg m~3 (Kiihmaier et al. 2022)
Transport of operator Constant ~ 0.079 kg m~3 (Kithmaier et al. 2022)
Fabrication, supply, and maintenance Constant 0.538 kg m= (Handler et al. 2014)
Transportation truck Kilometers Variable km
Volume Variable m?
Fuel (Diesel) Constant ~ 0.16 kg m km! (Klvac et al. 2013)
Lubricants Constant ~ 0.00422 kg km™!' (Handler et al. 2014)
Loading Constant 0.963 kg m= (Handler et al. 2014)

Fabrication, supply, and maintenance Constant 0.538 kg m3 (Handler et al. 2014)

Transportation ship Waterway (total) Constant 0.0153 kg m= km™!
(Karjalainen and Asikainen 1996)

Transportation train Railway (total) Constant 0.0193 kg m3 km™!
(Karjalainen and Asikainen 1996)
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they are used for forwarders and harvesters. The emissions of fuel combustion and grey emissions
from timber logistics are added to this. These result from the distance traveled (km) multiplied
by the constant for emissions from diesel consumption (0.16 per km and m3) (Klvac et al. 2013)
and the amount of wood transported, added to the product of the quantum of wood transported
and the constants for loading (0.963 kg CO, m3) and fabrication, supply and maintenance of the
machine (0.538 kg CO, m3), again, added to the product of the distance traveled and the constant
for lubricants (0.00422 kg CO, m3) (Handler et al. 2014).

The combination of variable parameters and constant parameters is because some data are
easy to determine while others are not. The data that are easy to determine are managed as variables.
The data that are difficult or impossible to determine are managed as constants. By combining them,
the calculated value of CO, emissions comes very close to reality. The constants were selected from
a comprehensive literature review of common methods for determining CO, emissions in timber
harvesting, as detailed in Chapter 2.4. For a detailed summary, please see Table 1. The input values
listed in Table 3 include variables that come directly from the forest machines OBC in the form
of StanForD files and constants that are in turn derived from the literature analysis in Chapter 2.4.
In case of doubt, the parameters that are geographically and procedurally closer to the German
forestry are selected, if more than one would have been suitable. Moreover, in case of doubt, the
more conservative parameter is selected. One reason for the choice of these parameters is that they
contain CO; and roughly the same CO;-equivalent GHGs. The specific conversion factor for CO,
emissions from diesel combustion was set at 3.28 kg I"! and the corresponding value for lubricant
combustion at 4.22 kg I-! (Handler et al. 2014), which also included the CO,-equivalent GHGs.
The other GHGs cover methane, nitrous oxide, carbon monoxide, nitrogen oxide, and volatile
non-methane carbon compounds. Combining CO, and other GHGs as CO;-equivalents follows
the Intergovernmental Panel on Climate Change (IPCC) guidelines (Solomon et al. 2007). The
calculation of CO, equivalents instead of just CO; increases the output value marginally. We have
not differentiated between the individual GHGs in the presentation of results.

CO; emissions — (kg m-3 ) =
((3.28 x Diesel Harvester ) + (3.28 Diesel Forwarder)) m-3
Fuel emissions of timber harvest
+
((0.538+0.079+0.118+0.013)x2xm? )
Grey emissions of timber harvest

4)

((0.16>< km~! xm3 ))

Fuel emissions of truck transport

+
((0.963><m3)+(0.538>< m3)+o.oo422><km—1)

Grey emissions of truck transport

The case study was conducted in Rhineland-Palatinate (DE) with a CTL harvesting system.
The cut was performed in the Hermeskeil forestry office near the Hunsriick National Park.
The studied stand was a 60-year-old homogeneous spruce stand. Trees had an average diameter
of 35 cm o.b. All trees were affected by bark beetle infestation in 2022. Consequently, the area
was clear-cut and prepared for next-generation planting. Two machines from Komatsu Forest
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were investigated during the study. The Komatsu Harvester 931 XC single-grip harvester is a
powerful, stable, and all-terrain 8-wheel machine for felling, delimbing, and bucking coniferous
wood under simple-to-difficult terrain conditions (Komatsu Forest 2022b). The harvester was
equipped with a C93 harvester head with the best fit for tree diameter at a breast height of 20 to
40 cm. The Komatsu Forwarder 845 is designed for all-round use in thinning and a lighter final
harvest with a payload of 12 t; it has a mid-range for moving timber in lengths of 2 to 6 m under
easy-to-difficult terrain conditions (Komatsu Forest 2022a). Both machines were equipped with
Komatsu MaxiFleet interlogistics software, which provided production reports during the entire
study (Kivilinna-Korhola 2016; Komatsu Forest 2018). The harvested volume with and without
bark, the tree species, and the diesel consumption were sourced from the production reports,
along with the descriptive machine statistics. For the harvesting operations, the existing skid-
ding road system (20 m) was used and no motor-manual support was necessary. The edge trees
along the public road were felled with the harvester during a road closure and were processed
immediately.

4 Results

4.1 Emissions of timber supply — a case study

The cut included 955.5 m? 0.b. of spruce wood (848.79 m3 u.b.) for five different assortments,
namely 5 m sawlogs, 2.5 m industrial logs, 3 m pulp/paper logs, 3 m butt log pieces, and 2.4 m logs
for pallets (see Table 4). Sixty-five percent of the total harvested volume was 5 m sawlogs, 18.2%
2.5 m industrial logs, 2% 3 m logs for pulp/paper, 14% 3 m butt log pieces, and only 0.8% was
2.4 m logs for pallets. The harvester consumed 369 | diesel in 22 pmh,, in which it drove 14 km.
The forwarder drove 47 km in 38 pmhg, consuming 353 I diesel. The mean distance to sawmills
by truck, adjusted for assortments, was 103 km.

The total diesel consumption and the kilometers traveled in transport to the sawmill were
distributed proportionally among the assortments so that in combination with the constants and
the harvested volumes, an assortment-specific determination of the CO, m=3 could be obtained.

Table 4. Input variables derived from the test cut divided into the accrued assortments of the total volume of
timber in m? over bark (0.b.) and under bark (u.b.), total diesel consumption of harvester and forwarder in liters
0.b. and u.b., distance to the sawmill and the proportions of the assortments in the total volume of timber.

Assortment Volume (m?) Diesel consumption of  Distance to mill Share of total quantity
o.b./u.b. harvester and forwarder (km) (%)
combined (1) 0.b. / u.b.

5.0 m sawlogs 601.4/533.1 470/ 468.7 30 65
2.5 m industrial logs 168.2/149.4 131.4/131.4 108 18.2
3.0 m pulp/paper logs 19.1/16.8 14.9/14.8 165 2
3.0 m butt log pieces 127.8/115.2 100/101.3 172 14
2.4 m logs for pallets 7.41/6.7 58/59 117 0.8
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Table 5. Results of the calculations to determine the CO, emissions for the individual assortments from the timber
transport, timber harvesting with the harvester, and transport with the forwarder, each in kg CO, m3 (carbon dioxide
(kg) per cubic meter of wood) over bark (0.b.) and under bark (u.b.). In the case of timber transport, the distances cov-
ered individually are already included. Columns 5 and 6 summarize the CO, emissions. In column 5 per m3 and column
6 over for the total amount per assortment. Column 7 shows the total amount of CO, stored in the provided timber for
each assortment in tons.

Assortment/ Emissions Truck  Harvester CO, Forwarder CO,  Truck/Harvester/ Total CO, Total C-Storage
CO, Forwarder CO, CO,
kgm3 kgm3 kgm3 kgm3 kgm3 kgm3 kgm3 t t t t
ub./o.b. o.b. u.b. 0.b. u.b. o.b. u.b. o.b. u.b. 0.b. u.b.

5.0 m sawlogs 6.4 2058 2221 2 2.161 10.5 10.8 5906 5406 4344 385.1
2.5 m industrial logs ~ 19.24 233 23,6 3.751 3.380 121.5 1079
3.0 m pulp/paper logs ~ 28.6 326 33.0 0.601 0.534 138 12.1

3.0 m butt log pieces  29.75 338 341 4159 3787 923 832
2.4 m logs for pallets  20.71 248 25.1 0.177 0.161 5.4 4.8

Mean 209 2.058 2.221 2 2.161 25 27.32 - - - -

As shown in detail in Table 5, the calculation results in CO, emissions for the entire wood
supply chain ranged from 10.5 kg CO, m—3 0.b. (5 m sawlogs) to 33.8 kg CO, m 3 0.b. (3 m butt log
pieces). The highest amount of CO, emitted corresponded logically with the volume harvested per
assortment. For the 5 m sawlogs, a total of 5.9 t CO, for 601.4 m3 was calculated. This compares
with a carbon storage of 434.4 t CO, for the same assortment. For the 5 m sawlogs, the calculated
CO, emissions meant a reduction in the carbon storage capacity of the provided timber from
722.4 kg CO, m3 0.b. to 711.9 kg CO, m3 0.b. This represents a reduction of 1.47% in carbon
storage capacity.

The main result is the methodology applicable for determining the net carbon storage of the
timber provided, which is demonstrated here in the findings of the practical application:

The percentage value of the reduction differs greatly between the assortments in some
cases. [t ranges from 1.47% for the 5 m sawlogs up to 4.9% for the 3 m butt log pieces (Table 6).
Across all assortments, and thus across all distances to mills, the reduction in carbon storage in
the provided timber averaged 2.19% for timber o0.b. and 2.24% u.b.

Table 6. Net carbon storage of the supplied timber by assortment. Thus, it is a value derived from the CO,
stored in the timber minus the CO, emitted during timber supply. Net carbon storage is given as an absolute
value in kg CO, m~3 (carbon dioxide (kg) per cubic meter of wood) over bark (0.b.) and under bark (u.b.).
The rate by which carbon storage must be reduced is given here as %.

Assortment C-Storage C-Storage reduction rate
kg CO, m3reduced kg CO, m~ reduced % 0.b. % u.b.
by CO, 0.b. by CO; u.b.
5 m Sections 711.9 711.0 1.47 1.51
2.5 m Industrial 699.1 689.8 3.33 3.38
3 m Paper 689.7 689.4 4.73 4.78
3 m Butt log pieces 688.6 688.3 4.90 5.00
2.4 m Palette 697.6 697.3 3.50 3.60
On Average 2.19 2.24
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5 Discussion

The quality of the calculated CO, emissions per harvested cubic meter of wood strongly depends
on the accurate calibration of the harvester head measurement unit. Initially, harvester head meas-
urement aimed to provide productivity data and information on machine performance, rather than
precise calculation of stem volumes (Kemmerer and Labelle 2021). With continuous development,
the harvester volume calculation is of sufficient accuracy in most cases and no differences exist
between productivity models based on harvester data and those based on time and motion study data
(Brown et al. 2011; Bembenek et al. 2015; Mederski et al. 2018). The accuracy of harvester data
(harvested volume and fuel consumption) provided in the StanForD format appears sufficient for a
practicable assessment of the carbon footprint of specific wood products. When georeferencing is
applied additionally, it offers great potential for operation planning and allocation of efforts (e.g.,
fuel and time consumption) to specific logs or wood products. The only drawback is that harvest
data are not available in real-time now (Kemmerer and Labelle 2021). The same applies to fuel
consumption data for transportation, which can be easily read out via CAN bus. Their accuracy
was reported as +5%, with possible improvements in data quality (Marx et al. 2015).

In this study, we considered only CO; (including CO, equivalent GHGs in the constants)
from fuel consumption, though aware that further gases are released into the atmosphere through
forest operations and transportation (Karjalainen and Asikainen 1996; Athanassiadis 2000; Lijew-
ski et al. 2017). This system boundary to focus exclusively on CO, emissions was defined due to
the primary objective of examining the contribution of forest operations to the carbon footprint
of wood products. For the same reason, we set the system boundaries between the felling of the
standing tree and the mill gate of the industry. Within these narrow boundaries, CO, emissions are
comprehensively represented. Further operations, such as planting, road construction, or thinning,
performed within the tree’s lifetime were excluded as they cannot be allocated to the specific har-
vested logs under the management principles of continuous cover forestry. This might be different
in rotation or plantation forestry, where system boundaries can be different. Even though several
life cycle assessment studies on forest operations and wood products have been performed, there
seems to be a stagnation in the last few years (Berg 1997; Xu and Becker 2012; Cambero et al.
2014; Klein et al. 2016; Cardellini et al. 2018; Schweier et al. 2018). Till today, standardized meth-
ods and system boundaries in the life cycle assessment of forest-wood supply chains are lacking,
particularly regarding product declarations (Klein et al. 2015).

Remarkably, we did not find a standardized method to determine the carbon content in freshly
harvested wood. Our calculations modeled the carbon content of round wood oriented on Diestel
and Weimar (2014) and incorporated kiln dry density and total shrinkage of volume according to
Lohmann and Blosen (2003). We applied mean values knowing that actual kiln dry density and
total shrinkage can vary by provenance, growth area, and age (Dietz 1975). The carbon content
was calculated per cubic meter of wood over bark, assuming the same kiln dry density for bark
and wood, in line with Hagauer et al. (2009) and Werner (2017). However, Dietz (1975) showed
that the density of the bark does not correspond to that of the timber. The same is possibly true for
the carbon content of bark. Research for determining the carbon content of the bark is still needed.
On the other hand, it is highly debatable whether the bark should be included in the calculation
or whether a calculation based on cubic meters under bark is more realistic. Two aspects support
this: (i) it is widely unknown how much bark remains in the forest/on the road due to damages by
loader grapples, and (ii) whether the bark is removed in the sawmill before wood processing and
used for gardening applications or combustion.

The experimental results are based on the data provided by the harvester and forwarder
operating in a homogeneous stand in a final felling. This does not necessarily represent standard
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logging conditions in Central Europe, especially not for expected future forests. In Germany,
72% of forest operations are performed by harvester-forwarder harvesting systems, another 22%
by chainsaw-skidder harvesting systems, and 6% by chainsaw-cable yarder harvesting systems
(Engler et al. 2024). Generally, for thinning operations, partly mechanized harvesting systems show
lower emission rates per cubic meter of harvested wood, compared to fully mechanized harvesting
systems (Cosola et al. 2016; Labelle and Lemmer 2019). Only in the final felling, when the total
harvested volume and the volume per tree are high, fully mechanized harvesting systems become
more efficient. However, chainsaw-based operations are currently not included in CO, emission
studies from StanForD data. To roll out the application potential of machine data for the assess-
ment of the carbon footprint for wood products, chainsaws, as well as cable yarders and skidder/
tractors, need to be implemented in the StanForD data standard.

The calculations of the net carbon storage based on data from the harvester OBC and
an allocation of the emissions according to the volume of the produced products seem to be a
low-effort and feasible solution. The recorded volume of harvested wood and the correspond-
ing diesel consumption are robust and provide transparent information on CO, emissions per
harvesting site under real-world conditions, used machines, and given silvicultural management
objectives. As the harvesting intensity and the stem volume of trees are known to be major
determinants of CO, emissions from forestry operations (Suadicani and Talbot 2008), averages
from databases, for example, only partially reflect specific conditions at the specific harvesting
site. A strong correlation exists between the volume of the processed trees and the correspond-
ing CO, emissions, like the law of piece-size-and-volume which refers to time consumption for
tree processing, while we consider the fuel consumption for tree processing, namely the CO,
emissions. The harvesting-related CO, emissions decrease with increasing tree volume, from
about 7.3 kg CO, m3 o0.b. in a first thinning to 5.3-6.6 kg CO, m=3 0.b. in a late thinning and
to 3.1-3.6 kg CO, m3 o0.b. in a final felling (Karjalainen and Asikainen 1996; Haavikko et al.
2022; Kirha et al. 2023).

Operational conditions, such as slope, terrain, and stand conditions, and the relocation dis-
tance of the machinery and forest infrastructure are known for their strong influence on the CO,
emissions of forest machines (Suadicani and Talbot 2008; Labelle and Lemmer 2019; Haavikko et
al. 2022). Particularly for forwarders, the extraction distance, the load space capacity, the number
of logs, and the log diameter are highly relevant (Klvac et al. 2013; Zhang et al. 2016; Kérha et
al. 2023).

By using real fuel consumption data from the OBC, the effects from specific machine con-
figurations, such as tracks or wheel chains, and the age of the machine are considered, which have
a strong influence on machine fuel consumption, namely CO, emissions. This is a strong benefit
of this methodology compared to standardized values from databases, which cannot reflect specific
machine performance and working conditions (Cosoal et al. 2016; Kérhi et al. 2023).

Based on our study data, the influence of the transportation distance from the forest road to
the sawmill becomes clearer. The log transport to the mill is arbitrary and at 83.9%, it contributes
most to the overall CO, emissions per harvested cubic meter (Figs 2a,b), underlining the impor-
tance of transportation in the carbon footprint of wood products. Not surprisingly, a significant
positive correlation exists between transportation distance and emitted CO;. In our study, CO,
emissions for a 30 km haul were 10.5 kg CO, m= 0.b. and tripled for a 172 km haul from the
same cut to 33.8 kg CO, m™3 o.b. The corresponding CO, emissions per transported kilometer
can differ because of (i) a higher ratio of loading time for short transportation distances, (ii) dif-
fering fuel consumption of the trucks, and (iii) differing loading capacities of the wood trucks.
The latter have a strong influence on the CO, emissions per harvested cubic meter — even under
the same gross vehicle weight limits, which vary widely within Europe, ranging from 40 t for
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five-axle wood trucks (the most frequent wood truck configuration in Europe) and 76 t high-
capacity transport (HCT) vehicles in Finland (Busenius et al. 2015; Seuri et al. 2024). For wood
trucks with only two or three axles, even lower gross vehicle weight limits exist, while at the
other end, HCT timber truck combinations with a 92 t gross vehicle weight are running in Fin-
land. Studies revealed 27% higher payloads between standard 76 t and 92 t HCT timber trucks,
compared to 12-15% higher fuel consumption (64.4 1 100 km! vs. 70.1 1 100 km™!, respectively
72.4 1 100 km™!) (Kédrha et al. 2023). Concerning the transported mass and driven kilometer
(mL tkm™"), the HCT timber truck combination with 92 t reduces fuel consumption by 8-11%,
compared to 76 t HTC vehicles (Kérha et al. 2023). The effect of declining fuel consumption
per ton-kilometer against increasing payloads, namely gross vehicle weight, is non-linear; thus,
it is generally lower for HTC trucks than for European standard 40-t-tucks, which was reported
to be 3.3% per extra ton of gross vehicle weight for 40-t-trucks and only 1.8% for 44-t-trucks
onward (Busenius et al. 2015).

Logically, the greatest potential to reduce the carbon footprint of wood products lies in
logistic optimization, both in technology and planning aspects. Optimal routing of wood trucks
could reduce transport emissions by about 10% (Smaltschinski 2010; Smaltschinski et al. 2011,
2012), while the potential from swapping transportation carriers, e.g., to trains, is limited (Tim-
mermann and Dibdiakova 2014). The use of up-to-date navigation systems for forest roads,
maintaining the quality of forest roads, and fuel-saving driving with modern timber trucks can
additionally reduce CO; emissions (Cosola et al. 2016; Kiithmaier et al. 2022).

In forest operation, CO, emission could potentially be reduced by the adequate per-
formance of the machine operator. This has a particular influence not only on harvesting
productivity but also on CO, emissions generated by the operating machines (Strubergs et al.
2021). Generally, operator skills have a lesser impact on log extraction than on tree felling
and processing performance with a harvester (Purfiirst 2009). For operating the harvester, tacit
knowledge, the ability to handle working elements simultaneously, skills in harvester head
control, advanced planning for several trees ahead, and exact gripping and cutting, are skills
required of the machine operator’. Differences in harvesting productivity between operators
are up to 80%, which is directly linked to fuel consumption (Purfiirst and Erler 2011). There-
fore, the operator’s influence on emission reduction should be rated higher than technologi-
cal improvements, even though fuel consumption of forest machines decreased over the last
30 years mainly due to technological innovations (Lijewski et al. 2017; Prinz et al. 2018).
Additionally, new developments in hybrid technology for harvesters show promising results
in reducing CO, emissions (Gabriel 2019; Schweier et al. 2019). Complete decarbonization
of forest operations by electric drives is yet not envisaged, but electric farm tractors already
exist. In forestry, only CO,-neutral fuels will be a promising option to decarbonize forest
machinery in the short run. In the study region of Rhineland-Palatinate 6.4 Mio m> u.b. of
spruce, Abies alba Mill. (silver fir) (Missouri Botanical Garden 2024), and Douglas fir were
harvested in 2020 (Destatis 2021). Based on the findings of this study, this represents a carbon
sequestration potential of 163129 t CO; stored in wood, a share of 0.5% of the total annual
GHG emissions of Rhineland-Palatinate (MKUEM 2022). A more detailed breakdown of fuel
consumption to individual logs would be possible based on a mean value allocated to the
number of logs or by log-specific tracing. This could potentially allow a wood product-specific
carbon footprint, opening the doors to new business applications.
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6 Conclusions

This work contributes to a better representation of CO, emissions and carbon contents of supplied
timber in the chain of custody for timber and presents a calculation basis that can be used as a
standard procedure. The results include

*  The calculation of the carbon content in freshly harvested timber,

*  The determination of constants based on a literature analysis and own investigations,

e The determination of variables,

* Combining the constants and variables into a formula for calculating the net CO, emis-

sions of highly mechanized harvesting, and
*  The determination of net carbon content in the provided timber at the mill entrance.

The heterogeneity of possible forest operations, conditions in the forests, and choice of
forestry equipment defies comparability. Mapping CO, emissions in wood supply reliably requires
standardization of terminology, values of the constants, and determining which values of constants
are included in the equations (Cosola et al. 2016). The present paper proposes such a standardiza-
tion from values of constants of a literature review and a study on the portrayability with real wood
supply measures (variables). We suggest a comprehensive study of the exact impact of factors on
CO, emissions based on the methodology developed here. For this purpose, the CO, emissions of
different forest operations have to be compared and classified according to the silvicultural system
(e.g., clear cut, selective cut, bark beetle calamity, wind throws, thinning, later thinning, and final
felling), the type of harvester (small, medium, and large), the type of forwarder (small, medium,
and large), equipment and technology (crane tip control, fleet control systems, intralogistics, hybrid
engine, thermostatic fans, dual gear, high flotation tires, tire pressure control system, and continu-
ous track), slope, infrastructure, stand type (mixed stands and monoculture), and stand situation
(visual restrictions, rejuvenation, and large boulders). We intend to address the exact influence of
the individual factors in a future paper by carrying out a sensitivity analysis.

Declaration of openness of research materials, data, and code

The databases used are described and cited to the best of our knowledge and belief. The raw
data from the forest machine data cannot be made available as they contain personal data and it
was agreed with the owners of the data that it would not be passed on to third parties. However,
the relevant data are listed in the manuscript so that the results can be reproduced. We have also
provided an Excel sheet, which shows the equation and can be used for calculating: http://gofile.
me/3YqDx/TIRWMIMnW.

The net CO,; storage capacity can be calculated using the following app: HarvestCO,-App
— KWF 2030 (kwf-online.de)

Zur WebApp
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