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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 emission
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 storage
balance in forests (CSBF). For Germany, a CSBF of 0.25 to 1.15 t CO2-eq. m−3 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. In such cases,
building up forest carbon stocks would be the better option. We conclude that it is vital to include the
CSBF in GHG balances of wood products to assess the impacts of wood extraction from forests. Only
then can GHG balances 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

To prevent global warming above 1.5 degrees Celsius compared to pre-industrial
levels, the Paris Agreement requires a substantial reduction in greenhouse gas (GHG)
emissions in the coming decades and a balance of remaining GHG emissions with carbon
sinks by the middle of this century [1]. Forests and their ability to sequester carbon are
expected to play a key role in reaching peak net GHG emissions and achieving carbon
neutrality [2]. Consequently, 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, reflected in their nationally determined contributions [3]. 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 accurately 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 has recently proposed nationally binding targets for the
Land Use, Land-Use Change and Forestry (LULUCF) sector in their Member States for 2030
to achieve an EU-wide net sink target of −310 Mt CO2-eq. [4]. The target for Germany was
set at −30.8 Mt CO2-eq. Similarly, the German Federal Government’s Climate Protection
Act requires a net sink in the LULUCF sector of −25 Mt CO2-eq. in 2030. According to
Hennenberg et al. [5], this target requires a net sink in German forests of approx. −35 Mt
CO2-eq. in 2030. In comparison, the GHG inventory of the German government reports
−57.0 Mt CO2-eq. for forests in 2019 [6]. Recently, forests in Germany have been severely
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disturbed by drought, storm events and subsequent bark beetle infestation, which led to
a significant decrease in forest vitality [7,8]. This resulted in a strong increase in salvage
logging, which amounted to 75% of the entire annual wood removals in 2020 [9,10]. In
consequence, the preliminary inventory data that are currently under review indicate that
the GHG balance for forests will only amount to −52.3 Mt CO2-eq. in 2019 and −45.8 Mt
CO2-eq. in 2020 [11]. Furthermore, the net sink of forests is not only influenced by natural
disturbances, but also by the intensity of forest management [12]. A comparison of forest
management scenarios in Germany shows that higher carbon storage can be achieved on
the forest area with more extensive forest management [13–18]. Evidently, planning of
mitigation measures involving forests needs 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
production or reduce 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 effects of material wood use on forests
are assigned to the LULUCF sector, whereas emissions from harvesting occur in the agricul-
ture 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 double counting
at the country level [19]. However, to explore the environmental impacts of the use of wood
products in comparison with alternative materials, a so-called life cycle assessment (LCA)
approach is required. An LCA compiles and evaluates inputs, outputs, and the potential
environmental impacts of a product system throughout its life cycle [20,21]. The GHG
balance as part of an LCA is suitable for determining GHG emissions and GHG savings
along the process chain of wood products 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 have documented that reductions in GHG emissions can be achieved
with the use of wood products as material and energy sources [22–26]. The EU Renewable
Energy Directive (RED II [27]) assumes a reduction in GHG emissions of over 80% in
comparison with a fossil fuel reference where stem wood is used for energy purposes in the
heating and cooling sector (transport distance < 2500 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
management 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,
cf. [28]. However, if harvesting is reduced, 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 mortality 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 methodology—
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also for the CSBF. Since the overall objective is to reduce GHG emissions by 2050, 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 [20,21] and carbon footprinting [29],
it is undisputed that all GHG emissions directly arising from the production and use phases
shall be considered for the GHG accounting of wood products. Furthermore, it is generally
accepted that material use of wood not only stores carbon in the technosphere [30], but also
that the substitution of non-wood products with wood products can achieve additional
GHG savings [31,32]. The total GHG balance of wood products (TBWP) is calculated as:

TBWP = PCWP + CSWP + CSBF + SE (1)

where PCWP (production chain of wood products) sums up all activities associated with
wood production in the forest and for the manufacture of a specific product (including
transport and use); CSWP (carbon storage of wood products) is the capacity for carbon
storage in wood products; CSBF (carbon storage balance in forests) covers changes in the
carbon storage capacity of the forest in response to forest management and wood harvesting
activities; and SE (substitution effects) represents the GHG emissions from the substitution
of non-wood products by wood products.

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

ER = (PCWP + CSWP + CSBF) • SE−1 (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 material flow and life cycle assessment model HoLCA
based on Fehrenbach et al. [23]. This model, based on the Umberto software, has been
created in accordance with the requirements of ISO 14040 [20] and ISO 14044 [21] and
enables us to perform LCAs that equally meet these standards. The structure of the model
represents the entire wood flow in Germany. Starting with forestry, the various processing
and supply chains associated with the respective products or product groups are covered.
The individual modules of HoLCA include life cycle assessment data on inputs (energy,
other raw materials or chemicals, water, etc.) and outputs (emissions to air and water,
waste, etc.). More detailed explanations about HoLCA are provided as Supplementary
Materials Document S1.

In HoLCA, the principle of allocation can be used to break down the balance for
the entire wood material flow on individual products. For the assessment carried out
here, mass-based allocation is applied. 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. [33] 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 market value-based approach that requires information on different wood
qualities, including prices and wood share used as main or co-products. From our point
of view, 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).

Use Product

Wood Input from
Forests *

Proportion of Wood
in the Product

GHG Emissions along the
Production Chain (PCWP)

(kg Woodair-dry kg
Product−1)

(kg CO2-eq. kg
Product−1)

Material Construction wood 1.04 1.00 0.18
Chipboard 1.09 0.95 0.40

MDF ** 0.64 0.56 2.68

Energy Wood chips 1.00 1.00 0.04
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 production 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). ** MDF = Medium density
fiberboard. Source: own calculations based on HoLCA using data from Fehrenbach et al. [23].

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
assume an average lifetime of 70 years, whereas the average lifetime for chipboard and
MDF was 50 years [23]. Since the LCA models cover 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 cases of products with a
shorter lifetime only a share of the sequestered carbon should be accounted.

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

Product

Carbon Content
of Wood [30]

Carbon Storage Capacity
of Products *

CO2 Storage Capacity
of Products (CSWP) **

(kg C kg Woodair-dry
−1) (kg C kg Product−1) (kg CO2-eq. kg Product−1)

Construction wood 0.50 −0.50 −1.83

Chipboard 0.50 −0.48 −1.74

MDF *** 0.50 −0.28 −1.03

* Calculation: (carbon content of wood) • (proportion of wood in the product; Table 1) • (−1). ** Stoichiometric
conversion from C to CO2 (factor 44/12). *** MDF = Medium density fiberboard.

According to the German GHG inventory [6] and related Common Reporting Format
(CRF) tables, an additional 4.73 million m3 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 CO2-eq. This corresponds to −0.74 t CO2-eq. m−3 or, with an
average wood weight of 0.50 t/m3, to −1.48 t CO2-eq. tair-dry

−1. This value falls within
an order of magnitude comparable to the values for the carbon storage capacity of wood
products in Table 2.

2.4. Carbon Storage Balance in Forests (CSBF)

The German GHG Inventory [6] 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 Röhling et al. [12].

In the period from 2008 to 2017 (Figure 1), between 64.5 and 76.1 Mm3 of wood (6.0 to
7.3 m3 ha−1) was harvested. This corresponded to a carbon storage capacity of the living
biomass on the forest area of −43.1 to −50.2 Mt CO2-eq. (−3.8 to −4.7 t CO2-eq. ha−1).
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The CSBF expressed as ton CO2-eq. per cubic meter of harvested wood amounts to −0.62 t
CO2-eq. m−3 (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.
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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; r2 = 1.000;
p < 0.001) and for a period with minor damage (solid line, y = −0.620 x + 8.353; r2 = 0.984; p < 0.001).
Linear regression was computed in the software package R [34]. Source: Emission factor of living
biomass from CRF-tables adopted from [6], harvest rate adopted from [10].

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 resulting
damage led to a general decrease in the carbon storage capacity of the living biomass
in forests between −12.6 to −22.5 Mt CO2-eq. (−1.2 to −2.1 t CO2-eq. ha−1), which
was considerably lower than the storage capacity between 2008 and 2017. The CSBF
also declined to a value of 0.25 t CO2-eq. m−3 (see regression in Figure 1), as not only
harvesting but also increased natural mortality rates impact the carbon storage capacity of
living biomass.

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-eq. m−3 with a mean of 1.15 t CO2-eq./m−3 (see [35]
and detailed data in [36]).

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.

Level
Carbon Storage Balance in Forests (CSBF)

Note
(t CO2-eq. m−3) (t CO2-eq. tair-dry

−1) * (g CO2-eq. MJ−1) **

no-CSBF 0.00 0.00 0.00

No CSBF: The CSBF is not taken into
account. This reflects the assumption
that the removal of the wood has no

effect on the development of the carbon
stock in the forest.

low-CSBF 0.25 0.52 33.5
Low CSBF: Lower threshold of the CSBF
according to data reported in [6,10], see

Figure 1

med-CSBF 0.62 1.28 82.6
Medium CSBF: Upper threshold of the

CSBF according to data reported in
[6,10], see Figure 1

high-CSBF 1.15 2.37 152.9

High CSBF: Higher threshold of the
range of the CSBF according to

modelling results (period: 2020–2050)
[35,36])

* Mean wood density of 0.485 tair-dry m−3; wood density: spruce for conifers = 0.426 tair-dry m−3, beach for
broadleaf trees = 0.623 tair-dry m−3 [37]; proportion of harvested wood: 70% conifers and 30% broadleaf trees [10].
** Heating value of 15.5 MJ kgair-dry

−1 [37].

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

Use Product
no-CSBF * low-CSBF * med-CSBF * high-CSBF *

(kg CO2-eq. kg Product−1)

Material
Construction wood 0.00 0.54 1.33 2.46

Chipboard 0.00 0.57 1.40 2.58
MDF ** 0.00 0.33 0.82 1.52

Energy
Wood chips 0.00 0.52 1.28 2.37

Pellets 0.00 0.52 1.28 2.37
Firewood 0.00 0.52 1.28 2.37

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

2.5. Substitution Effects

Substitution effects occur when a non-wood product is replaced by a wood prod-
uct 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
construction wood, chipboard, MDF and energy wood (wood chips, pellets, firewood).
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Table 5. Potential substitution effects of wood products.

Material Use

Wood Product Substitute
Proportion

[23]

Substitution
Factor [23]

GHG Emissions
Substitute [23]

Substitution
Effect (SP) *

(kg Substitute
kg Wood Product−1)

(kg CO2-eq.
kg Substitute−1)

(kg CO2-eq.
kg Wood Product−1)

Construction wood
Steel 0.50 2.00 1.72 −1.72

Concrete 0.50 4.80 0.125 −0.30

Weighted total −2.02

Chipboard
Plasterboard 0.50 0.80 0.34 −0.14
Steel sheets 0.40 1.20 1.72 −0.83
Lightweight

concrete
elements

0.10 8.00 1.17 −0.94

Weighted total −1.87

MDF *** Plastic (PVC) 1.00 1.0 1.56 ** −1.56

Energy Use

Wood product Substitute
Proportion [27] Substitution

Factor [27]
GHG Emissions
Substitute [27]

Substitution
Effect (SP) ****

(MJ Substitute
MJ Wood Product−1)

(g CO2-eq.
MJ Substitute−1)

(kg CO2-eq.
kg Wood Product−1)

Energy wood ***** Fossil fuel mix 1.0 1.0 80.0 −1.20

* Calculation: (proportion). • (substitution factor) • (GHG emissions substitute) • (−1). ** Own estimation.
*** MDF = Medium density fiberboard. **** Calculation: (proportion) • (substitution factor) • (GHG emissions
substitute) • (heating value of 15 MJ kgair-dry

−1 • (−1). ***** Energy wood = wood chips, pellets, and firewood.

3. Results

The total GHG balances and the GHG emission reduction (ER) per wood product
group are presented in Figures 2 and 3, assuming four different levels for the CSBF (no-
CSBF, low-CSBF, med-CSBF and high-CSBF scenario; see description in Table 3). Negative
values shown in Figure 2 indicate net GHG uptake, while positive values indicate net GHG
emissions. In the no-CSBF scenario, a GHG reduction is achieved with most wood products
(Figure 2) and the GHG emission reduction shows values above 155% for construction
wood and chipboard and above 85% for energy wood (Figure 3). 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 fossil additives; thus, no GHG reduction is achieved
in the no-CSBF scenario. With increasing CSBF, the GHG balance of all wood products
decreases markedly (Figure 2). If a medium value for the CSBF (med-CSBF scenario)
is included in the calculation, the GHG balance deteriorates so much that energy wood
turns into a GHG source. This effect is even more pronounced in the high-CSBF scenario.
However, construction wood and chipboard can still reduce GHG emissions compared to
the non-wood reference (Figure 2). It is remarkable that the GHG emission reduction for
energy wood declines below 70%, a threshold set in RED II [27], in the low-CSBF scenario
and reaches below 0% in the med-CSBF scenario. For the high-CSBF scenario, the GHG
emissions from wood energy are almost twice as high as from the fossil reference, indicated
by a GHG emission reduction from −94% to −107% calculated for wood energy products
(Figure 3).
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4. Discussion
4.1. Integration of the CSBF into the GHG Balance of Wood Products

In this study, we propose an approach to consider changes in forest carbon stock in
GHG balances of wood products through applying the CSBF (carbon storage balance in
forests). Our method is designed to comply with the ISO requirements for both LCA [20,21]
and carbon footprint calculation [29]. This is achieved by quantifying net CO2-eq. emissions
per harvested volume of wood and incorporating it into the material flow framework of
the GHG balance. Reductions in GHG emissions associated with a wood product in
comparison with a fossil or mineral reference are determined with comparative LCA.

The GHG balances calculated with different estimates for CSBF show a clear pattern.
With long-lived wood products such as construction wood and chipboard, substantial GHG
reductions can be achieved compared to the non-wood reference. In contrast, the GHG
reductions for energy 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 [38,39]). In the GHG balance, MDF
performs particularly poorly due to the high amount of fossil additives. This illustrates
that long-lived 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 on the same order of magnitude as documented in other studies on the use of wood
products in Germany [23,31,40]. 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 substitution.
Modelling substitution involves an additional full LCA. It also requires assumptions and
analyses of market events and adopts potential scenarios that cannot be clearly defined.
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 [41]. In contrast, the CSBF is an inherent part of wood production
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 integrate the
results including the CSBF into future studies and to replace substitutes where required.

4.2. Comparison to Other Indicators and Influencing Factors

Similar approaches have been developed in recent years [42–44], comparing forest
scenarios with different harvest intensities with a focus on effects at the country level, as
opposed to the product level. Pingoud et al. [42] introduced a relative carbon indicator that
is most similar to the CSBF. However, both the concept of payback time (e.g., [28,45,46]) and
the concept of the displacement factor (synonym substitution factor; [47,48]) conflate the
individual GHG balances of a wood product and a non-wood product into one indicator.
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 calculates
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. [48] noted that very few studies have included changes in
forest and product carbon stocks in displacement factors. These findings highlight that the
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CSBF is currently mostly ignored in studies, yet also confirms that its integration into the
displacement factor is possible.

These studies as well as our results highlight the relevance of the CSBF for estimating
total GHG balances. The effect of removing wood from living biomass on carbon storage
in forests likely depends on underlying assumptions for the type of management (e.g.,
even-aged or continuous cover forestry), harvesting type and intensity (e.g., final felling,
selective thinning), and forest type (e.g., tree species composition and structure). The CSBF
is also likely to vary with geographical region and environmental site parameters, but it is
also affected by methodological assumptions, such as the forest carbon pools considered
(e.g., above-ground living biomass, dead and living biomass, litter and soil).

Overall, our analysis has allowed the calculation of the CSBF only from a limited
number of studies representing limited geographical scope, forest types and harvest in-
tensities. Consequently, more specific and applicable scenario studies and data are clearly
required. The CSBF can be calculated from any pair of modelling scenarios with two dif-
ferent harvesting intensities. Using model simulation results, it should be ensured that all
other influencing factors besides except harvest intensity (e.g., differences in environmental
conditions) are excluded. Based on such results, specific CSBF values could be used in the
total GHG balance of specific wood products (e.g., CSBF of conifers for construction wood;
CSBF of broadleaf trees for fire wood).

4.3. Relevance of the CSBF for Climate Policy and Forest-Based Mitigation

The debate on the CSBF and payback time is not purely academic, is has a political
dimension. At present, the International Energy Agency assumes that despite the known
impacts on the forest sink, e.g., the use of firewood is compatible with the goals of the Paris
Agreement [49]. This is called into question by the European Academies Science Advisory
Council (EASAC), which assumes considerably longer carbon payback times [50]. Our
findings for 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 chipboard and construction wood decrease from 155% and 180%, respectively, without
CSBF to savings of 20% and 60%, respectively, when a high CSBF is assumed. In conse-
quence, reliable, albeit reduced, GHG emission savings can be expected for long-lived wood
products when the CSBF is considered. The picture changes for wood energy. Without con-
sidering the CSBF, the GHG emission savings amount to 85 to 95%. However, already with
a medium CSBF, wood energy achieves no net GHG reduction compared to the non-wood
reference. Even at a low CSBF value, GHG reduction dips below 70%. In the RED II [27],
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. [28]
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 [46]. For harvest residues and wood from thinning, however, GHG savings
can be expected after 10 years [28,51]. Adopting a German perspective, Bolte et al. [52]
point out that carbon 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 in 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 packaging
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 without taking the CSBF into account [23–26].

GHG emission savings can be reliably achieved with long-lived products even when
the CSBF is considered, which is not the case for wood energy and for many wood products
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with a shorter life cycle. As a consequence, the GHG perspective suggests that wood
assortments primarily used for direct wood energy or short-lived wood products should not
be harvested or harvesting should be postponed to build up the carbon stock in the forest.
It must be taken into account, though, that the carbon stocks built up in forests must also
be maintained, especially in climate-resilient mixed deciduous forests in Germany [53,54].
These forest stands in particular provide additional benefits, e.g., increased habitat for rare
and endangered species, when they mature [55–57]. Positive effects for the water balance
and soil protection are also expected to be associated with such a development [58,59].

The Paris Agreement requires a rapid reduction in fossil fuel emissions. The considered
mitigation measures include also an increased use of wood for substituting fossil energy
and products. A complete GHG balance of wood use as presented here is an important
precondition for an effective forest-based mitigation policy to support informed decisions
of policy makers and other stakeholders on climate change mitigation measures.

5. Conclusions

The extraction of wood from forests has implications for carbon stocks in forests. By
comparing two alternative scenarios, impacts can be assessed by estimating the carbon
storage balance in forests (CSBF). This effect needs to be included also in the GHG balances
of wood products. Only this integration guarantees a complete picture of total net GHG
emissions from wood products. Our approach of the CSBF provides political decision-
makers and stakeholders in the forest sector with a reliable metric to assess options for
forest management, wood use and climate change mitigation. To optimize the interplay
between forest sink performance and GHG emission reduction achieved with the use of
wood products, the following key aspects should be considered:

• In climate-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 forest carbon stock.

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

• In forests where wood output is primarily used for high-value and long-lived products,
carbon stock accumulation through reduced harvesting is likely to not reduce overall
GHG emissions.

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