Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 December 2021 d0i:10.20944/preprints202112.0499.v1

Article
The missing limb: Including impacts of biomass extraction on

forest carbon stocks in GHG balances of wood use

Horst Fehrenbach 1, Mascha Bischoff 12, Hannes Bottcher, Judith Reise and Klaus Josef Hennenberg 3*

1 ifeu - Institut fiir Energie- und Umweltforschung Heidelberg gGmbH, Wilckensstrafle 3, 69120 Heidelberg

Germany; horst.fehrenbach@ifeu.de (H.F.)

2 Environmental Research Institute, North Highland College, Castle Street, Thurso KW14 7JD, UK; mas-
cha.bischoff@uhi.ac.uk (M.B.)

3 Oko-Institut e.V., Rheinstrafe 95, 64295 Darmstadlt, Germany; h.boettcher@oeko.de (H.B.); j.reise@oeko.de
OR)

* Correspondence: k.hennenberg@oeko.de (K.J.H.); +49 6151-8191-177

Abstract: The global carbon neutrality challenge places a spotlight on forests as carbon sinks. How-
ever, greenhouse gas (GHG) balances of wood for material and energy use often reveal GHG emis-
sion savings in comparison with a non-wood reference. Is it thus better to increase wood production
and use, or to conserve and expand the carbon stock in forests? GHG balances of wood products
mostly ignore the dynamics of carbon storage in forests, which can be expressed as the carbon stor-
age balance in forests (CSBF). For Germany, a CSBF of 0.25 to 1.15 t CO2/m?® wood can be assumed.
When the CSBF is integrated into the GHG balance, GHG mitigation substantially deteriorates and
wood products may even turn into a GHG source, e.g. in the case of energy wood. Here, building
up the forest carbon sink would be the better option. We conclude that it is vital to include the CSBF
in GHG balances of wood products if the wood is extracted from forests. Only then can GHG bal-
ances provide political decision-makers and stakeholders in the wood sector with a complete picture
of GHG emissions.

Keywords: greenhouse gas balance; wood products; forest management; climate change mitigation;
carbon storage;

1. Introduction

The Paris Agreement requires a substantial reduction of greenhouse gas (GHG) emis-
sions in the coming decades and a balance of remaining GHG emissions with carbon sinks
by the middle of this century. Forests and their ability to sequester carbon are expected to
play a key role in reaching peak carbon emissions and achieving carbon neutrality. Con-
sequently, different countries across the world are in the process of defining targets not
only for their entire economy but also for carbon sinks in forests and other land uses. At
the same time, countries struggle to implement consistent policies and measures to
achieve these targets. A range of complex factors need to be taken into account to accu-
rately assess which options, including forest management and wood use, are best suited
to achieve ambitious mitigation targets in forests and the entire economy.

The European Commission (EC) has recently proposed nationally binding targets for
the Land Use, Land-Use Change and Forestry (LULUCEF) sector in their Member States
(MS) for 2030 to achieve an EU-wide net sink target of -310 Mt CO: [1]. The target for
Germany was set to -30.8 Mt COz. Similarly, the German Federal Government's Climate
Protection Act requires a net sink in the LULUCEF sector of -25 Mt COze in 2030. According
to Hennenberg et al. [2], this target requires a net sink in German forests of approx. -35 Mt
CO2e in 2030. In comparison, the GHG inventory of the German government reports -57.0
Mt COze for forests in 2019. However, these estimates may be based on incomplete as-
sumptions. For instance, severe natural disturbances occurred in Germany between 2018
and 2020 due to drought and bark beetle calamities, which led to a significant decrease in
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forest vitality [3,4]. This resulted in a strong increase of salvage logging, which amounted
to 75% of the entire annual wood removals in 2020 [5,6] [6]. These effects have not yet been
included in the above-mentioned GHG inventory and it is to be expected that the sink
performance will have to be corrected in subsequent GHG inventories. Furthermore, the
net sink of forests is not only influenced by natural disturbances, but also by the intensity
of forest management [7]. The comparison of forest management scenarios for the forest
area in Germany also show that higher carbon storage can be achieved on the forest area
with more extensive forest management [8-10]. Evidently, calculation targets and the
planning of mitigation measures involving forests need to consider an intricate network
of factors.

When it comes to GHG mitigation in practice, the question of the benefits and draw-
backs of different options for mitigation measures arises. Is it better to increase wood pro-
duction or to refrain from it to conserve or build up the forest carbon stock? This question
cannot usually be addressed with a GHG inventory alone, since emissions arising along
the process chain are reported in different sectors. The effect of material wood use on for-
ests is assigned to the LULUCF sector, whereas emissions from harvesting occur in the
agriculture sector and wood processing is considered in the industry sector. Transport is
reported in the transport sector and possible substitution effects due to the displacement
of fossil and mineral products such as heating oil or reinforced concrete may be relevant
across all sectors. This clear sector allocation of GHG emissions is necessary to avoid dou-
ble counting at country level [11]. However, to explore the environmental impacts of the
use of wood products in comparison with alternative materials, a so-called life cycle as-
sessment (LCA) approach is required. The LCA method or GHG balance [12,13] is suitable
for determining GHG emissions and GHG savings along the process chain of wood prod-
ucts and comparing these with alternatives, e.g. fossil and mineral products. The results
can be used by decision-makers and consumers to favor climate-friendly wood products
over less climate-friendly options.

Several studies document that reductions of GHG emissions may be achieved with
the material and energetic use of wood products [14-18]. The EU Renewable Energy Di-
rective (RED II [19]) assumes a reduction of GHG emissions of over 80% in comparison
with a fossil fuel reference when stem wood is used for energy purposes in the heating
and cooling sector (transport distance <2,500 km). However, a common weakness in the
GHG accounting of wood uses lies in the oversimplification of the balance of forest carbon
stock. In fact, GHG balances of wood products commonly assume sustainable forest man-
agement as a default. Thus, the underlying assumption is that the amount of timber felled
for a product grows back on neighboring areas simultaneously. Therefore, emissions from
a forest caused by forest management and wood harvesting are expected to be net zero
and effects from forest management are not further considered in the GHG balance (com-
pare [20]). However, if harvesting is either reduced or increased, the storage capacity of
the forest changes in response. Trees not harvested still store carbon and continue to grow
and fix carbon in addition to the trees in neighboring areas. At the same time, tree mortal-
ity might change with changing tree density and tree age.

In light of the common neglect of the impacts of forest management practices, the
aim of this paper is to integrate the carbon storage balance in forests (CSBF) into the GHG
balance of wood use and to assess the relevance of the CSBF in a case study modelling
GHG balances for wood use in Germany.

2. Materials and Methods

For the case study, GHG balances were calculated for six wood product groups, i.e.
construction wood, chipboard and medium density fiberboard (MDF) for material use
and wood chips, pellets and firewood for energy use. A temporal reference is required for
the calculation of the carbon storage of wood products and — depending on the method-
ology — also for the CSBF. Since the overall objective is to reduce GHG emissions by 2050,
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the period from 2020 to 2050 (30 years) was defined as the credit period for the following
calculations.

2.1. Total GHG balance

Looking at the normative specifications for LCA [12,13] and carbon footprinting [21],
it is undisputed that all GHG emissions directly arising from production and use phase
shall be considered for GHG accounting of wood products. Furthermore, it is generally
accepted that material use of wood not only stores carbon in the technosphere [22], but
also that the substitution of non-wood products with wood products can achieve addi-
tional GHG savings [23,24]. The following factors are relevant for the total GHG balance
of wood products (TBWP):

1. GHG emissions along the production chain of wood products (PCWP): all activities
associated with wood production in the forest and for the manufacture of a specific
product (including transport and use)

2. Carbon storage of wood products (CSWP): capacity for carbon storage in wood prod-
ucts

3. Carbon storage balance in forests (CSBF): changes in the carbon storage capacity of
the forest in response to forest management and wood harvesting activities

4. Substitution effects (SE): substitution of non-wood products by wood products and
a comparison of GHG emissions

The total GHG balance of wood products is calculated as:
TBWP = PCWP + CSWP + CSBF + SE (1)

The GHG emission reduction (ER) achieved by a wood product is calculated in rela-
tion to the substitution of non-wood products:

ER = (PCWP + CSWP + CSBF) / SE (2)

The following subchapters describe the assumptions made for these factors.

2.2. GHG emissions along the production chain (PCWP)

The calculation of total GHG emissions along the production chain for wood product
groups was carried out using the HOLCA model based on Fehrenbach et al. [15] assuming
mass-based allocation. In consequence, GHG emissions arising from a specific stage in the
production process are allocated to main and by-products according to their respective
mass. Sahoo et al. [25] show in their review of about 100 LCAs on forest-based products
that the majority use the mass-based allocation approach. The only alternative is the mar-
ket value-based approach that requires information for different wood qualities, includ-
ing prices and wood share used as main or co-product. From our point of view, the mass-
based allocation has the advantage that it can be applied in a simple and transparent way.

MDF production is associated with high emissions due to the addition of synthetic
resin. Please note that aggregation at product group level requires simplifications. At the
end of the life cycle of wood products, a combination of recycling and energy recovery
options are available. However, these result in new products with product life cycles,
which in turn represent individual systems in an LCA and are not included in the GHG
balance. The GHG emissions along the production chain are summarized in Table 1.
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Table 1. GHG emissions along the production chain of wood products (PCWP).

Wood input from Proportion of wood GHG emissions along the
Use? Product forests ! in the product production chain (PCWP)
(kg woodair-ary/kg product) (kg CO2/kg product)

Construction wood 1.04 1.00 0.18
Material Chipboard 1.09 0.95 0.40
MDE? 0.64 0.56 2.68
Wood chips 1.00 1.00 0.04
Energetic Pellets 1.00 1.00 0.19
Firewood 1.00 1.00 0.07

! The input volume corresponds to the physical material flow (allocation by mass). Values >1 imply material loss along the produc-
tion chain (residual materials not used elsewhere); values <1 imply that the product contains non-wood components (e.g. MDF
board with a high proportion of synthetic resin).

2 MDF = Medium density fiberboard.

Source: own calculations based on the HOLCA model using data from Fehrenbach et al. [15]

2.3. Carbon storage capacity of wood products (CSWP)

The mean carbon storage capacity of wood products was estimated based on data on
carbon content and the proportion of wood in a product. For construction wood, we as-
sume an average lifetime of 70 years, whereas the average lifetime for chipboard and MDF
was 50 years [15]. Since the LCA models the period from 2020 to 2050 and the assumed
life spans are longer than 30 years, the sequestered carbon of a product is fully accounted
for in the GHG balance as a simplification. (Table 2). In case of products with a shorter
lifetime only a share of the sequestered carbon should be accounted.

According to the German GHG inventory [26] and related Common Reporting For-
mat (CRF) tables, an additional 4.73 million m® of wood was added to the wood product
storage of sawn wood and wood panel on average between 2010 and 2019 resulting in an
additional mean storage of -3.21 Mt CO.. This corresponds to -0.74 t CO2/m? or, with an
average wood weight of 0.50 t/m3, to -1.48 t COx/tair-ary. This value falls within an order of
magnitude comparable to the values for the carbon storage capacity of wood products in
Table 2.

Table 2. Calculation of the mean carbon storage capacity of wood products (CSWP) during a credit period of 30 years
(material use only).

Carbon content Carbon storage capacity CO: storage capacity
Product of wood [22] of products! of products (CSWP)?2
(kg C/kg woodair-dry) (kg C/kg product) (kg CO2/kg product)
Construction wood 0.50 -0.50 -1.83
Chipboard 0.50 -0.48 -1.74
MDE3 0.50 -0.28 -1.03

! Calculation: (carbon content of wood) * (proportion of wood in the product; Table 1) * (-1).
2 Stoichiometric conversion from C to CO: (factor 44/12).
3 MDF = Medium density fiberboard.

2.4. Carbon storage balance in forests (CSBF)

The German GHG Inventory [26] derives emission factors for changes in biomass
carbon stocks, i.e. living biomass, of forests from national forest inventories and calibrates
them on the basis of the annual quantity of logged wood following the method provided
by Réhling et al. [7].

In the period from 2008 to 2017 (Figure 1), between 64.5 and 76.1 Mm? of wood (6.0
to 7.3 m3/ha) were harvested. This corresponded to a carbon storage capacity of the living
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biomass on the forest area of -43.1 to -50.2 Mt CO: (-3.8 to -4.7 t COz/ha). The CSBF ex-
pressed as ton CO: per cubic meter of harvested wood amounts to -0,62 t CO2/m? (see
regression in Figure 1). This means that harvesting decreases the carbon storage capacity
of living biomass by this factor, whereas carbon storage capacity increases by the same
factor when harvesting is reduced.

The years 2002 to 2007 (Figure 1) were a period of strong natural disturbances, i.e.
two storms (2002 storm “Janette”, 2007 storm “Kyrill”) and a drought in 2003. The result-
ing damage led to a general decrease of the carbon storage capacity of the living biomass
in forests between -12,6 to 22,5 Mt COz2 (1,2 to 2,1 t COz/ha), which was considerably
lower than the storage capacity between 2008 and 2017. The CSBF also declined to a value
of 0.25 t COz/m?® (see regression in Figure 1), as not only harvesting but also increased
natural mortality rates impact the carbon storage capacity of living biomass.
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Figure 1. Relation between the emission factor of living biomass in German forests and wood harvest for a period with
major storm and drought damage (dotted line, y = -0,253 x + 3,363; r?2 = 1,000) and for a period with minor damage (solid
line, y =-0,620 x + 8,353; r2 = 0,984). Source: Emission factor of living biomass from CRF-tables adopted from [26], harvest
rate adopted from [6].

The CSBF can also be determined assuming two forest management scenarios with
different levels of use intensity (e.g. current use versus no use). The difference in carbon
stored on the forest area per scenario and the difference in the amount of wood harvested
are compared. Based on the analysis of several studies modelling forests in Germany, the
CSBF ranges from 0.62 to 1.68 t CO2/m? with a mean of 1,15 t CO2/m? (see [27] and detailed
data in [28]).

Based on the data and results presented above, we assumed four different levels for
the CSBF (no-CSBF, low-CSBF, med-CSBF and high-CSBF; see description in Table 3).
These levels are used for scenarios in a sensitivity analysis of the total GHG balance. For
each wood product, the respective CSBF is multiplied by the wood input from forests (see
calculation in Table 4).
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Table 3. Carbon storage balance in forests (CSBF) for removed wood.

Carbon storage balance in forests (CSBF)
(t CO2/m3) (t CO2/tair-dry) ! (g CO2/M]J)2

Level Note

No CSBF: CSBF is not taken into account. This reflects the
no-CSBF 0.00 0.00 0.00 assumption that the removal of the wood has no effect on
the development of the carbon stock in the forest.
Low CSBEF: Lower threshold of the CSBF according to

low-CSBF 0.25 0.32 21.3
ow data reported in [26] and [6], see Figure 1
med-CSBF 0.62 079 507 Medium CSBEF: Upper -threshold of the CS].SF according to
data reported in [26] and [6], see Figure 1
High CSBF: Higher threshold of the range of the CSBF
high-CSBF 1.15 1.46 97.3 according to modelling results (period: 2020-2050) [27]

[28])

! Mean wood density of 0,79 tair-ary/m? [29]
2 Heating value of 15 M]J/kgair-dry [15]

Table 4. Carbon storage balance in forests for individual groups of wood products.

No-CSBF! Low-CSBF1 Med-CSBF! High-CSBF!
Use?2 Product
(kg CO2/kg product)
Construction wood 0,00 0,33 0,82 1,52
Material Chipboard 0,00 0,35 0,86 1,59
MDE 2 0,00 0,20 0,51 0,93
Wood chips 0,00 0,32 0,79 1,46
Energetic Pellets 0,00 0,32 0,79 1,46
Firewood 0,00 0,32 0,79 1,46

1 Calculation: (carbon storage balance in forests (CSBF), Figure 3) * (wood input from forests; Table 1)
2 MDF = Medium density fiberboard.

2.5. Substitution effects

Substitution effects occur when a non-wood product is replaced by a wood product
with the same degree of functionality. If the GHG emissions of the wood product are
lower than those of the non-wood product, a GHG reduction is achieved. Table 5 presents
expected substitutes and substituted GHG emissions for the wood product groups con-
struction wood, chipboard, MDF and energy wood (wood chips, pellets, firewood).
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Table 5. Potential substitution effects of wood products.

Material use

Proportion Substitution GHG emissions Substitution
Wood Substitute [15] Factor [15] substitute [15] effect (SP)?
product (kg substitute/ (kg COo/ (kg COo/
kg wood product) kg substitute) kg wood product)
Construc- Steel 0.50 2.00 1.72 -1.72
tion wood Concrete 0.50 4.80 0.125 -0.30
Weighted total -2.02
Plasterboard 0.50 0.80 0.34 -0.14
teel sheet 4 1.2 1.72 -0.
FRIWEIBTE CONCIETE 0,10 8.00 1.17 -0.94
elements
Weighted total -1.87
MDEF3 Plastic (PVC) 1.00 1.0 1.562 -1.56
Energy use
Proportion Substitution GHG emissions Substitution
Wood Substitute [19] Factor [.19] substitute [19] effect (SP)*
product (M] substitute/ g COz/ (kg CO/
M]J wood product) M] substitute kg wood product)
E
nersy Fossil fuel mix 1.0 10 80.0 -1.204
wood >

! Calculation: (proportion) * (substitution factor) * (GHG emissions substitute) * (-1).

2 Own estimation.

3 MDF = Medium density fiberboard.

4 Calculation: (proportion) * (substitution factor) * (GHG emissions substitute) * (heating value of 15 MJ/kgair-ary [15] * (-1).
5Energy wood = wood chips, pellets, and firewood.

3. Results

The total GHG balances and the GHG emission reduction per wood product group
are presented in Figure 2 and Figure 3, assuming four different levels for the CSBF (no-
CSBF, low-CSBF, med-CSBF and high-CSBF scenario; see description in Table 1). In the
no-CSBF scenario, a GHG reduction is achieved with most wood products (Figure 2) and
the GHG reduction shows values above 155 % for construction wood and chipboard and
above 85% for energy wood. Substitution effects play a major role and the carbon storage
of wood products is equally important. The exception is MDF due to high emissions from
the fossil addition, thus no GHG reduction is achieved in the no-CSBF scenario. With in-
creasing CSBF, the GHG balance of all wood products decreases significantly (Figure 2).
If a high value for the CSBF (high-CSBF scenario) is included in the calculation, the GHG
balance deteriorates so much that energy wood turns into a GHG source. However, con-
struction wood and chipboard can still reduce GHG emissions compared to the non-wood
reference (Figure 2). It is remarkable that the GHG emission savings for energy wood al-
ready decline below 70%, a threshold set in RED II [19], in the low-CSBF scenario and
reach below 0 % in the high-CSBF scenario (Figure 3).
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Figure 2. Greenhouse gas balances of wood products in different carbon storage balance scenarios in forests. MDF = me-
dium-density fiberboard, CSBF = carbon storage balance in forests. See explanation of the scenarios no-CSBF, low-CSBF,
med-CSBF and high-CSBF in Table 3.

200%

150%

c

Re]

15

_3100%

(O]

= 70%

o 0,

S 50%

a

£

$0%

T

o]

-50%

-100%
T T L 9 ®w V(D DL W L T|T DL L W T|T DL O N T
8 § 2 £F2 38|g g2 F£F2 8lg g2 g2 g(sggQ E 2 g
$ 8 =26 %9 2|2 8 =256 2|2 3= =2z 8=%09v =
e o - O 9|c & o O Pl a - O 2| o - o g
o Q ir|.e = Q r|l.e = Q r|l.e = e i
56 8 56 8 56 8 56 8
B = g 2 5 2 5 =
® 7] ] 1]
c c c c
o] o o 5]
&) [&] o (@]
no-CSBF low-CSBF med-CSBF high-CSBF

Figure 3. Greenhouse gas reduction of wood products in relation to non-wood products in different carbon storage balance
scenarios in forests. MDF = medium-density fiberboard, CSBF = carbon storage balance in forests. See explanation of the
scenarios no-CSBF, low-CSBF, med-CSBF and high-CSBF in Table 3.
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4. Discussion

In this study, we propose an approach to consider changes in forest carbon stock in
GHG balances of wood products. Our method is designed to comply with the ISO require-
ments for both LCA [12,13] and carbon footprint calculation [21]. This is achieved by re-
porting the CSBF as a parameter quantifying CO: emissions per harvested volume of
wood, and can thus be incorporated into the material flow framework of the GHG balance.
Reductions of GHG emissions associated with a wood product in comparison with a fossil
or mineral reference are determined with comparative LCA.

The GHG balances calculated here show as a clear pattern. With long-life wood prod-
ucts such as construction wood and chipboard, substantial GHG reductions can be
achieved compared to the non-wood reference. In contrast, the GHG reductions for en-
ergy wood are considerably lower. The difference between these two product groups
arises from two factors: first, a significant amount of carbon is stored in long-lived wood
products, and second, the achievable substitution effects are higher for long-lived wood
products than for energy wood (see [30,31]). In the GHG balance, MDF performs particu-
larly poorly due to the high amount of fossil additives. This illustrates that long-life wood
products do not per se contribute to climate protection. Our results for GHG emissions
arising from the process chain, CO2 storage in wood products, and avoidance of emissions
by substitution with non-wood products - excluding the CSBF - are of the same order of
magnitude as in other studies on the use of wood products in Germany [15,23,32]. In these
studies, substitution effects also play a significant role in improving the GHG balance of
wood products.

Please note that substitution is not an inherent part of the wood use system. Unlike
the other components of the total GHG balance, material substitution extends into other
product systems. Although disaggregation of all individual components of the total GHG
balance is always required for reasons of transparency, this is especially true for substitu-
tion. Modelling substitution involves an additional full LCA. It also requires assumptions
and analyses of market events and adopts potential scenarios that cannot be clearly de-
fined. Evidently, the choice of which particular metal or plastic replaces a wooden table is
highly dependent on assumptions. However, if wood use cannot guarantee that non-
wood products associated with high GHG emissions are substituted, the GHG balance
will deteriorate accordingly [33]. In contrast, the CSBF is an inherent part of wood pro-
duction and must be considered in the LCA of wood products. The comparative LCA we
carried out is transparent and includes all relevant details. It allows researchers to inte-
grate the results including the CSBF in future studies and to replace substitutes where
required.

Similar approaches have been developed in recent years [34-36], comparing forest
scenarios with different harvest intensities with a focus on effects on the country level, as
opposed to the product level. Pingoud et al. [34] introduced a relative carbon indicator
that is most similar to CSBF. However, both the concept of payback time (e.g. [20,37,38])
and the concept of the displacement factor (synonym substitution factor; [39,40]) conflate
the individual GHG balances of a wood product and a non-wood product into one indi-
cator. As a result, there is a loss of transparency. The respective shares of wood and non-
wood products in the GHG balance are no longer apparent. Consequently, the subsequent
use of results, e.g. in other studies, is more complicated. The so-called payback time cal-
culates the required time period until forest regrowth and reduction in fossil emissions
can jointly pay back the carbon debt on the first stand harvested. Thus, the results of a
comparative GHG balance, which always includes changes in the sink performance of the
forest area, are expressed as a time period. The displacement factor compares the GHG
balance of wood and non-wood products and correlates the result to the wood used. In
their recent review on the concept, Myllyviita et al. [40] noted that very few studies in-
cluded changes in forest and product carbon stocks in displacement factors. This finding
highlights that the CSBF is currently mostly ignored in studies, yet also confirms that its
integration into the displacement factor is possible.
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The debate on the CSBF and payback time is not purely academic, is has a political
dimension. At present, the IEA assumes that despite changes in the forest sink, e.g. the
use of firewood is compatible with the goals of the Paris Agreement [41]. This is called
into question by the European Academies Science Advisory Council (EASAC), which as-
sumes considerably longer carbon payback times [42]. Our findings for wood products in
Germany, however, show that the consideration of the CSBF has a marked influence on
the GHG balance of wood products. For instance, the GHG emission savings from chip-
board and construction wood decrease from 155% and 180%, respectively, without CSBF
to savings of 70% and 105%, respectively, when a high CSBF is assumed. In consequence,
reliable, albeit reduced, GHG emission savings can be expected for long-life wood prod-
ucts when the CSBF is considered. However, the picture changes for wood energy. With-
out considering the CSBF, the GHG emission savings amount 85 to 95%. However, with a
high CSBF, no GHG reduction can be achieved compared to non-wood reference. Even at
a low CSBF, the GHG reduction dips below 70%. In the RED II [19], the sustainability
requirement stipulates that wood energy in new plants should achieve GHG emission
savings of at least 70% from 2021 and 80% from 2026. For wood pellets from stem wood,
the RED II Annex gives default values of GHG savings for heat and electricity exceeding
70% compared to the fossil reference (transport distance up to 10.000 km, process energy
from wood chips). However, when the CSBF is considered, the GHG reduction does no
longer meet the mandatory savings target. In their literature review, Agostini et al. [20]
also highlight that temperate and boreal stemwood energy dedicated harvests achieve
GHG savings only after 50 years compared to coal, and even later compared to natural
gas (see also [38]). For harvest residues and thinning wood, however, GHG savings can
be expected after 10 years [20,43]. Adopting a German perspective, Bolte et al. [44] point
out that stock depletion, such as in the case of intensive energy use of wood, is detrimental
to the climate, since the medium- and long-term reduction of the carbon sink in the forest
can no longer be compensated by the substitution effects.

Similar to energy wood, other wood products with a short life cycle such as packag-
ing wood or paper and cardboard can be expected to yield only low or no GHG emission
savings if the CSBF is included. These products are generally associated with few GHG
emission savings even before the CSBF is taken into account [15-18]. However, here lies
the challenge of defining the non-wood reference, which should be addressed in future
studies.

5. Conclusions

In light of our results, it is vital to include the CSBF in the GHG balances of wood
products if the wood is extracted from forests. Only then can GHG balances give a com-
plete picture of GHG emissions from wood products and provide political decision-mak-
ers and stakeholders in the wood sector with a reliable database for forest management,
wood use and climate change mitigation.

As a general pattern, we demonstrate that GHG emission savings can be reliably
achieved with long-life products even when the CSBF is taken into account, unless the
GHG balance deteriorates due to the addition of fossil components with high GHG emis-
sions. However, this is not reliably the case for wood energy and probably also for wood
products with a short life cycle. As a consequence, the GHG perspective suggests that
wood assortments primarily used for wood energy or short-lived wood products should
not be harvested or harvest should be postponed to a later date to build up the carbon
stock in the forest. However, it must also be taken into account that an increased wood
stock must also be permanently maintained, such as in climate-resilient mixed deciduous
forests [45,46]. These forest stands in particular provide additional benefits, e.g. increased
habitat for rare and endangered species, when they increase in stock and mature [47-49].
Positive effects for the water balance and soil protection are also expected [50,51].
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To optimize the interplay between forest sink performance and GHG emission re-
duction achieved with the use of wood products, the following key aspects should be
considered.

e Inclimate-resilient forest stands with high ecological integrity (e.g. mainly deciduous
and mixed forests in Germany) where mainly low-quality and short-lived wood
products are expected, harvesting should be reduced to build up carbon stock.

e Inforest stands with poor climate resilience and low ecological integrity (e.g. spruce
forest in unsuitable locations in Germany), harvesting should continue with the long-
term goal of conversion into climate-resilient forests.

e In forests where wood output is primarily used for high-value and long-life pur-
poses, stock accumulation should not be the focus of the management strategy.

e  Synergies and trade-offs with other ecosystem services such as biodiversity, soil, and
water should be factored into decision-making.

In light of the challenges associated with the commitments of the Paris Agreement,
the GHG balance approach for a more complete modelling of wood use presented here
may provide a tool to support informed decisions of policy makers and other stakeholders
in the overarching goal of sustainable climate change mitigation.
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