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»  Use of forests is an important component of climate change mitigation with instant impacts.

*  Product and energy substitutions are the only known forest-related mechanisms substantially
affecting fossil greenhouse gas emissions.

»  Substitution impact by wood use corresponds to the fossil emissions of Finland, while in the
EU and the world it is similar to the reported LULUCF emissions.

The main driver of climate change is fossil carbon emissions that can be avoided by using renewa-
bles instead of fossil-intensive energy or materials. A displacement factor (DF) quantifies fossil
emissions avoided by wood use instead of a fossil material. Substitution impact of wood products
can be calculated by multiplying their product-specific DFs and their production volumes. We
quantified the substitution impact in Finland, the European Union (EU), and worldwide for 2020
using two different DF sets. We extended the analysis out to 2040 in Finland. Depending on
DFs used, the avoided fossil emissions by wood use were 13-38 (Finnish wood), 149-317 (EU
wood), and 971-2014 (world wood) MtCO,e in 2020. These correspond to 37-94% (Finland),
6—-12% (EU), and 3—6% (world) of total fossil emissions in their respective areas, highlighting
the importance of substitution impacts. Despite the uncertainties, the estimates show large climate
effects. In Finland, the substitution impact approaches the scale of the total fossil emissions of
the country, while at the EU and global scales, the impact is similar in scale to the entire reported
LULUCE criterion. The DFs for wood use may decrease in the future because of the decarboni-
zation of the energy systems used in the production of alternatives to wood: steel, concrete, and
plastics. However, wood products will remain important in avoiding fossil emissions by providing
bio-based material and energy options.
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1 Introduction

Fossil fuels usage is responsible for approximately 75% of global greenhouse gas (GHG) emis-
sions and approximately 90% of CO, emissions (Friedlingstein et al. 2023). Global fossil-based
emissions were approximately 36 Gt of CO,e in 2020 (Crippa et al. 2021), out of which the major
CO;, sinks (oceans, soil, forests) sequester less than one third annually (IPCC 2023). According to
IPCC (2023), the climate crisis calls for carbon emission reductions, and for the maintenance and
increase of carbon sinks. Forests store carbon in living and dead tissues, in their breakdown prod-
ucts, and in the soil. Forest carbon stocks increase with the growth of biomass and afforestation,
and decrease by deforestation, harvest, and disturbances, such as fire and storms. Wood products
store biogenic carbon for shorter or longer time periods, depending on the product type and disposal
method. This biogenic carbon sink in harvested wood products (HWP) is a component of national
GHG inventory reporting (IPCC 2006).

The use of wood products can substitute for the use of other materials whose production
requires more fossil fuel inputs and thus results in more fossil carbon emissions. Wood products
that commonly substitute fossil emission intensive materials include sawn timber and wood-
based panels used in place of steel and concrete, paper(boards) in place of plastic for packaging,
and wood-based energy in place of fossil fuels (Pingoud et al. 2010). The “substitution impact”
describes the avoided fossil carbon emissions resulting from the use of wood in place of more
fossil-intensive alternatives.

The substitution impact can be described by product-specific displacement factors (DF),
which quantify the net decrease in fossil carbon emissions when substituting one functionally
equivalent unit of wood product for its alternative (Sathre and O’Connor 2010). The value of a
DF is calculated as the difference in the lifecycle’s fossil-derived GHG emissions between wood
and its functionally equivalent fossil intensive alternatives, relative to the difference in amount
of wood used. The DFs can be expressed as mass of fossil carbon emissions avoided per mass of
additional biogenic carbon in the wood option, in units of tC tC~! (Sathre and O’Connor 2010).
Hence, if a product has a positive DF, its use is associated with reduced fossil emissions (Sathre and
O’Connor 2010; Leskinen et al. 2018). The greater the DF, the greater the avoided fossil carbon.
The substitution impact of a specific wood product, which describes the avoided fossil carbon
emissions, can be calculated by multiplying the quantity of that wood product by its per-unit DF.
Changes in biogenic carbon storage in wood or its forest source use are not accounted for in the
substitution impact analysis. Therefore, substitutions are a partial representation of the net climate
effect of wood harvest and use.

Global wood consumption is growing, and currently amounts to close to 4 x 10° m3 per year
(FAOSTAT 2023). Approximately half of global wood use is for energy. Despite the importance
of wood as a common energy and material option, and the generally positive DFs for wood, the
substitution impacts are not accounted for in national GHG inventories (IPCC 2006), nor does
the carbon market recognize the substitution impacts. Hurmekoski et al. (2023) reported avoided
fossil emissions due to wood products substitution amounted to over 12 TgCO,e in Finland in 2020
while Taylor et al. (2023) reported that this effect amounted to 188 TgCO,e in the United States
in 2020. Miner (2010) estimated a global substitution effect of 483 TgCO,e for 2007 by housing
construction, assuming a 40% global wood products usage for housing.

A major challenge to the appreciation of wood’s substitution impacts is the uncertainty in the
calculation of DFs. Wood is used for a wide range of applications, and it is difficult to determine the
type and quantity of alternative materials substituted. Furthermore, the resulting net fossil emission
changes may be difficult to estimate due to limited availability of the life cycle assessment (LCA)
data that are used to quantify the GHG emissions associated with wood and alternative products.
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While wood products generally have positive DFs ( Leskinen et al. 2018; Wedajo et al. 2025),
estimates for the same products vary widely. For example, Hurmekoski et al. (2023) assumed DFs
for wood products in Finland ranging from 0.96 tC tC-! (coniferous sawn timber substituting, e.g.,
steel or concrete) to —0.63 tC tC! (dissolving pulp, substituting, e.g., synthetic fibres). In contrast,
Skytt et al. (2021) used DFs ranging from 1.62 (pallets, substituting, e.g., plastic transportation
packages) to 0.0 (electricity from wood fuel that substitutes fossil based electricity) tC tC-! for
wood products in Sweden, even though the types of wood products and their non-wood options
are similar in Finland and Sweden.

DFs may also change in the future. Hurmekoski et al. (2020) projected a decrease of DFs
for wood due to decarbonization, i.e., a shift in the energy supply to fossil free systems. Similarly,
development of new products can affect the future substitution impacts of currently existing products.
Despite the recognition of the importance of wood products in Climate Smart Forestry (Nabuurs et al.
2017), avoided fossil emissions due to substitution impacts are less considered in policy discussions.

Finland is a forested country with 86% of total land area classified as forestry land and ca.
20% of export income from forest products (Statistical Yearbook of Forestry 2023). The total carbon
stock of Finnish forests and organic soil biomass was estimated to be 17200 MtCO,e in 2020 (FAO
2020d). Wood and organic soil biomass in forest land stored 16.4 MtCO,e, corresponding to 34%
of Finland’s 2020 emissions of 47.7 MtCO,e (Statistics Finland 2024). An additional 1.3 MtCO,e
was stored in HWPs.

Forests are important considerations in global carbon dynamics. Forest’s and HWP’s physical
carbon storage fluxes are currently accounted for under Land Use, Land Use Change and Forestry
(LULUCEF) sector in the international GHG reporting. LULUCEF varies by country and region, being
currently a net carbon sink in the EU but a net source at the global scale (Friedlingstein et al. 2023).
A considerable research effort has been directed to the complex role of forests in climate change. In
accordance with the GHG reporting requirements (IPPC 2006), the LULUCF sector components
(growing stock, soil, and HWP carbon storage changes by human activities) have attracted most
of the research interest. Substitution impacts, which depend on the composition and quantity of
the HWPs, are less studied, and their global estimates are virtually non-existent. Criticism has also
been presented regarding the shortcomings of the DF approach in general (Leskinen et al. 2018;
Howard et al. 2021) or the use of DFs for certain product groups (Harmon 2019).

The aims of this article are to quantify the contribution of wood use to a reduction of fossil
GHG emissions, and to compare these quantities to other commonly reported carbon data at
national (Finland), regional (EU) and global scales. We use two distinctive sets of DFs to estimate
the magnitude of avoided fossil emissions due to the use of wood products and wood-based energy.
We also discuss historical (2000-2020) and future (2020-2040) trends and sources of uncertainty
in calculating substitution impacts. We focus on avoided fossil emissions associated with the use
of wood products and energy. The biogenic forest and soil carbon storage changes associated with
the harvest of this wood are beyond the scope of this article.

2 Materials and methods

The analysis was carried out at three geographic scales:

1) National: Finland. A forested country and a major producer of forest industry products that reg-
ularly reports statistical data on forests and wood production volumes. Industrial by-products,
which are omitted from FAOSTAT wood fuel figures, account for a substantial part of Finland’s
wood energy. Finland therefore offers an opportunity to quantify the variance in avoided fossil
emissions resulting from the use of international statistics versus detailed national-level data.
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2) Regional: The European Union. A major producer and consumer of wood products with a target
of carbon neutrality by 2050.

3) Global. The world’s forests are an important component of the global strategy for climate change
mitigation, but also a vital source of energy and products.

2.1 Finland

Maanavilja et al. (2021) published national wood use scenarios for Finland with an objective to
analyze how Finland can achieve its national and EU climate and energy targets in 2030, 2035,
2040, and 2050. We established our analysis on Maanavilja et al. (2021) and the predicted forest
harvest levels presented therein.

Annual production volumes of Finnish forest industry products and wood-based energy
(Maanavilja et al. 2021; Supplementary file S1, available at https://doi.org/10.14214/s£.25043)
were based on demand scenarios and information about the planned capacity changes, which
in turn determined the annual need for wood. Maanavilja et al. (2021) used an annual harvest
volume of 71 x 10° m3 for 2016-2025 (real average harvest for 2016-2023: 73,4 x 105 m? a!,
Statistical Yearbook of Forestry 2023) and increased it up to 82 x 10° m3 by the period 2036—
2045. To illustrate the impact of even larger levels of production variation on future substitution
impact, we included an option for greater-than-predicted production volumes over time, result-
ing in +20% higher wood use in 2040 (ca. 98 x 10° m?) compared to Maanavilja et al. (2021),
a level that is close to the annual growth of Finnish forests. Furthermore, we included an option
of below-prediction production volumes — a —20% by 2040 (ca. 68 x 10° m?) compared to Maa-
navilja et al. (2021) — which is close to the average annual roundwood harvest in Finland during
the 2000s. The analysis years used by Maanavilja et al. (2021) and, subsequently, in this article,
were 2020, 2025, 2030, 2035, and 2040.

For the avoided fossil emissions calculation (i.e., substitution impact), we converted the
annual production volumes into units of mass of carbon content, assuming average dry densities
of 500 kg m~3 for wood products and 900 kg t! for pulp and paper (i.e., 10% moisture content;
Table 1). We assumed wood to be 50% elemental carbon by dry mass (Sedjo 1989), and converted
elemental carbon into carbon dioxide by multiplying by 44/12, the ratio of the molar masses of CO,
and C. Thus, wood with 500 kg m~ dry mass contains 250 kg of elemental carbon, and equates
to 916.7 kg of CO,.

No consistent and complete sets of DFs exist in literature for the EU or the world. We applied
DFs for wider geographical areas by choosing two distinctive, national sets of DFs for our analysis.
The DF sets used were “Low” from Hurmekoski et al. for Finland (2023) and “High” from Skytt
etal. (2021) for Sweden. These DF sets are recently reported, specific to same Nordic region, and
cover the major products: solid wood materials, pulp and paper, and wood for energy. Despite the
criticism presented against Skytt et al. (2021) by Gustavsson et al. (2022), we assessed these DF
sets as applicable for our analysis. We adapted these DFs to provide consistency among the product
categories reported in the production volume data (Table 1); this involved some cases of calculat-
ing DFs based on relative proportions of categories reported differently in various references. We
allocated pulp production to that portion used in packaging paper based on the reported portion of
packaging paper production relative to total paper production.

We allocated the forest industry production volumes into five categories: energy, pulp/paper,
paperboards, sawn timber, and wood-based panels (Table 1). The production projections of those
up to 2040, according to Maanavilja et al. (2021), are presented in Suppl. file S1. For wood-based
market energy, we used data on forest chips and fuelwood production by Maanavilja et al. (2021).
We derived the use of forest industry by-products in heating and power plants from the production
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volumes of sawn timber, wood-based panels, and wood pulp (Luke 2024a, 2024b, 2024c). According
to Finnish energy and forest industry statistics, the use of by-products in heating and power plants
are correlated with forest industries’ production volumes, thus, we assumed proportional volumes
of by-products available to energy production outside the forest industry.

A portion of wood-based energy substitutes fossil energy, while part of it substitutes other
renewable energy sources, and part is used by the forest industries themselves. In the case of wood
energy, DFs apply only to the “market energy share”, while the use of wood energy within the
forest industries is accounted for in the wood product DFs. We estimated the amount of market
energy based on the volume of forest chips and forest industry by-products (bark, sawdust, and
chips) used in heating and power plants and fuelwood used in small-scale housing. According to
Finland’s submission to UNECE’s Joint Wood Energy Enquiry (JWEE, https://unece.org/forests/
joint-wood-energy-enquiry) practically all the forest chips, 40% of the bark, and 70% of the saw-
dust and industrial chips were used to produce market energy in 2021. We used these shares in our
estimate of wood-based market energy. While black liquor accounts for ca. 40% of the production
of wood-based energy in Finland (Statistical Yearbook of Forestry 2023), it is largely consumed
within the forest industries, thus we omitted black liquor from the substitution impact estimates for
wood-based energy. We also excluded the relatively small volumes of wooden pellets, briquettes,
and recycled wood used in the heating and power plants.

End-of-life substitution could contribute positively to the avoided fossil emissions in energy
production (Gustavsson and Sathre 2006; Hurmekoski et al. 2023); however, we excluded them
from our analysis because of the uncertainty of future uses of wood materials after their disposal
(e.g., to what extent do the cascade uses substitute virgin wood or more fossil intensive materials).

We calculated the avoided fossil CO, emissions from wood use by multiplying the product
specific production volumes (Suppl. file S1) by the product specific DFs (Table 1). We either held
the product category DFs constant over time (constant displacement) or decreased them linearly
over time between the 2020 and 2040 values (decarbonization displacement), following the reduc-
tion pace suggested by Hurmekoski et al. (2023), i.e., a DF reduction of 65% by 2050.

2.2 EU and world

We collected production volumes for 2020 for wood product categories following the item codes
of FAO (2022a) for the EU and the world from the FAOSTAT database (2024) (Table 1 for the
item codes (FAO 2022a). We also took data for Finland from the same source and the same crite-
ria, to provide a comparison with the data of Maanavilja et al. (2021). The FAOSTAT figures for
energy are based on “wood fuel” (item code 1864), which includes harvesting of roundwood for
fuel in cooking, heating, and power production. Thus, it excludes forest industry by-products used
in energy production both within and outside forest industries. FAOSTAT’s wood fuel figure for
Finland in 2020 corresponds with the official Finnish statistics’ volume of harvested stemwood
for energy production without bark.

We applied the same two sets of DFs (“Low” and “High”) that were used for Finland to
calculate the 2020 avoided fossil emissions for the EU and the world. These DF sets are within
the range of the values published in the literature for wood products of all types (Sathre and
O’Connor 2010; Leskinen et al. 2018), enable a consistent comparison with the Finland analysis,
and serve as an illustration of the sensitivity of total substitution impact to DF assumption. Based
on uncertainties related to future estimates of wood use in different countries, and complexity of
subsequent substitution impacts in the EU and the world, we limited the future analysis in Finland.
To illustrate the results in relation to population size, we calculated the avoided fossil emissions
by wood use per capita for the three geographic regions in 2020.
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After calculating the total substitution impacts for each region in 2020, we calculated a (low
and high) “substitution intensity of harvest”: tCO,e avoided fossil carbon emissions m— harvest. We
used the low and high DF options’ total substitution impacts, and FAOSTAT data on total harvest
volumes (item codes 1627, 1628, 1601.1602,1603,1604,1623 and 1626). Using the low and high
values of substitution intensity of harvest, we then calculated the (low and high 2020 level DFs)
cumulative substitution impact of harvests in each region from 20002020 by applying the 2020
substitution intensity values to harvest volume data over that time range.

3 Results

Applying the High DFs resulted in 2.5 times higher avoided fossil emissions due to wood use than
applying the Low DFs in Finland (Fig. 1). From the wood-based product groups, sawn timber was
the largest contributor to the avoided fossil emissions independently of DFs used. Depending on
the DF set used, the total avoided fossil emissions by wood use in 2020 were ca. 15-38 MtCO,e
(Finland production), 149-317 MtCO»e (EU production), and 971-2014 MtCO,e (world produc-
tion) (Table 2). Finland’s rate of avoided emissions per capita due to wood use is approximately
10 times that of the EU average and 20 times the world average.
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Fig. 1. Contribution of each product category to the total avoided annual fossil carbon emissions by Finnish wood
products and energy in 2020, comparing different displacement factor (DF) assumptions (for components included in
categories, see Table 1).
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Table 2. Avoided fossil emissions due to wood use in Finland, the European Union (EU), and the world in 2020, esti-
mated using Low or High displacement factor (DF) sets, and total reported LULUCF and fossil emissions data.

Region Finland EU World

Population 2020 (databank.worldbank.org) 5529543 446870959 7854748424

Avoided fossil ~ DF set* Low High Low High Low High

emissions from

wood use Wood product type

calculated for ~ Energy (MtCOze) 1.7(3.8)** 29(6.4)** 228 385 367.1 619.8

2020 Pulp for packaging (MtCO.e) 0.6 11.2 3.1 536 165 2852
Pulp not used for packaging (MtCO;e) 0.3 5.0 09 13.0 41 602
Sawn timber (MtCO,e) 9.7 144 96.8 1443 422.6 629.8
Wood-based panels (MtCO,e) 0.5 1.3 258 67.6 1604 419.5
Total 12.9 (14.9)** 34.7 (38.2)** 149 317 971 2014
Per capita (tCO,e) 2.33(2.69) 6.28(691) 033 071 0.12 026

Other sinks Land use, land use change, and for- 9.1%** 241 %** 4307 %***

or sources estry (LULUCF) (MtCOxe)

E%PZ%ﬂed for  Total fossil emissions (MtCO,e)***** 40.7 2622 35963

* Displacement factors adapted from Hurmekoski et al. (2023; “Low”) and Skytt et al. (2021; “High”) (Table 1).

** (Values in parentheses) include forestry and wood industry processing residues used for energy. Such values are not available for
the EU and world. See Table 1.

*** Eurostat (2024)

**#% Calculation based on data from Friedlingstein et al. (2023)

**#%% Crippa et al. (2021)

The initial choice of which DF set to use (Low vs High; Table 1) dominated other sources
of uncertainty (harvest/production volume changes, decarbonization) in projections of wood’s
substitution impacts in Finland (Fig. 2).
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Fig. 2. Total substitution impact (avoided fossil carbon emissions due to wood use) of Finnish wood products with
varying future production levels (error bars: low end referring to —20% harvest volume, high end referring to +20%
harvest volume compared to Maanavilja et al. (2021)), using three displacement factor (DF) sets: Low (Hurmekoski et
al. 2023) with and without decarbonization, and High (Skytt et al. (2021), (Table 1).
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Table 3. Cumulative substitution impact of wood harvested (i.e., fossil carbon emissions avoided) from
2000-2020 calculated using Low (Hurmekoski et al. 2023) and High (Skytt et al. 2021) displacement factor
(DF) sets for wood products in Finland, the European Union (EU), and the world.

Substitution intensity of harvest in 2020 Cumulative harvest ~Cumulative substitution impact (MtCO,e)

(tCO, m3) 20002020 (m?) 2000-2020
Low DF’s High DF’s Low DF’s High DF’s
Finland 0.21 0.58 1.17 x 10° 250 675
EU 0.31 0.65 9.41 x 10° 2900 6151
World 0.26 0.54 7.66 x 1010 19828 41149

For Finland, the FAOSTAT wood fuel figures underestimate the use of wood in energy
production by half, causing approximately a 10% underestimate in the total avoided fossil emis-
sions in the country (Table 2). Similar estimates cannot be made for the EU and the world due to
lack of data.

The avoided fossil emissions by wood use exceeded (Finland) or were within the range (EU)
of the region’s LULUCF carbon sinks for 2020. Worldwide, the LULUCF sector was a 2—4 times
greater carbon source than the avoided fossil emissions by wood use.

Over 1 x 10 m? of roundwood was harvested and processed into products and energy in
Finland between 2000 and 2020. Based on our conservative estimate, this production provided a
cumulative substitution impact ranging from 250-675 MtCO,e (Table 3). Depending on the DF
set used, the cumulative substitution impacts of harvests between years 2000-2020 for the EU
range from approximately 3000 to 6000 MtCO,e, while the world figures range from 20000 to
41000 MtCOsze.

4 Discussion
4.1 Magnitudes

While the LULUCEF sector GHG reporting concentrates on biogenic CO; balance, there are forest-
related mechanisms that also cause fossil emissions. One is the use of fossil fuels in harvesting
and transportation operations, which has a potential to diminish in future due to, e.g., machine
electrification or improved operations planning (Kéarha et al. 2023). Another one is wood’s sub-
stitution impacts. Quantification of the substitutions allows assessing their relevance in relation
to climate policies. While the avoided fossil emissions by wood use have, by definition, a non-
existing nature, their historical and future development affects the current and future atmospheric
fossil CO, concentration.

Our lowest estimates of avoided fossil emissions due to wood products produced in Finland
in 2020 (12.9 MtCOze) are in line with the temporally contiguous estimates by Alarotu et al. (2020):
16 MtCOse, and Hurmekoski et al. (2023): 12.5 MtCOse. Thus, the substitution impact of current
wood use exceeds the maximum estimated sum (11.35 MtCO,e) of all Finnish land use sectors’
proposed additional GHG sink potential actions (Lehtonen et al. 2021). If realized, the actions (e.g.,
afforestation, agricultural field management, mineral soil and wetland forest management, avoided
forest loss, fertilization, seedling stand management) presented by Lehtonen et al. (2021) would
require additional operations on 335000—1286 000 hectares, which corresponds to 1.5-5% of the
productive forest land in Finland, and ranges above the average annual harvest area (Statistical
Yearbook of Forestry 2023).
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Depending on the DFs used, the total avoided fossil emissions by wood use in 2020 cor-
respond with 37-94% (Finland), 6—12% (EU), and 3-6% (world) of respective region’s fossil
emissions in 2020, reported by Crippa et al. (2021). Our annual estimates for substitution impacts
at the global scale (1-2 GtCOye; Table 2) are of similar magnitude to the estimates by Peng et al.
(2023) (0.8-0.9 GtCOxe) for the period of 2010-2050.

Our analysis focuses solely on avoided fossil emissions by wood use. Therefore, forest
or soil carbon stock changes due to harvests, as well as natural biophysical or biogeochemical
processes contributing to carbon balance of the biosphere, were not included in this work. Wood
harvest reduces forest (biogenic) carbon stock and decreases its increment speed by reducing
living biomass. Furthermore, harvest accelerates the release of carbon due to the breakdown of
harvesting residues and soil disturbance (Soimakallio et al. 2016). Thus, assuming no disturbance,
forest’s carbon storage may be most rapidly increased by reducing or ceasing harvests in a par-
ticular region (Pukkala 2018; Seppéld et al. 2019). In practice, however, the net carbon benefits
obtained by reduced harvests are temporary, since forests ultimately have a limited capacity to
store carbon due to the growth dynamics of trees. Furthermore, the potential climate benefits of
reduced harvests have several uncertainties. Firstly, in the longer term, the increased risk of asso-
ciated biotic or abiotic damages may jeopardize not only the marginal carbon storage increment
(= sink) but also the huge storage itself (Roebroek et al. 2023). Secondly, assuming constant or
increasing global product demand, reduced harvest and subsequent increment of LULUCEF sink in
one nation mostly represents a geographical sink relocation rather than real climate effect (Kallio
et al. 2018; Lundmark 2025). Thirdly, harvest enables increasing the HWP carbon stock which,
unlike forest carbon stock, is technically controllable against risks and theoretically unlimited in
size. Finally — and the focus of this paper — harvests contribute to smaller fossil carbon emissions
through significant product and energy substitutions. The size of substitution impact relative to
LULUCEF sector supports our contention that this substitution impact should be considered in
conversations on the role of forests in climate change discourse.

Substitution is important, more so for forest and forest industry centers like Finland, but
also for large wood consumers such as the EU. At the global scale, the wood substitution effect is
important relative to biogenic (land-use) carbon dynamics, although both remain relatively small
compared with global fossil carbon emissions.

Regarding the substitution mechanisms, this study does not consider to what extent the
human consumption and subsequent fossil emissions differ between optional histories or futures
with different raw material palettes. One can speculate whether the overall human consumption
and subsequent fossil emissions would be smaller with fewer wood products on the market, or
vice versa. In Finland and the EU, the per capita avoided fossil emissions by wood use in 2020
clearly exceeded those of the world (Table 2). Interestingly, the overall per capita CO, emission
in the world (4.73 t) was just marginally smaller than that in EU (5.39 t) or Finland (5.3 t) (CO,
emissions per capita 2024). This suggests that considerable fossil emission avoidance by wood
use is possible without an excessive overall emission increase.

4.2 Uncertainty of substitution impacts

In terms of the future estimates of wood’s substitution impacts in Finland, the level of DFs applied
in calculation exceeds by at least tenfold the other sources of uncertainty, such as harvest volume
changes or decarbonization development (Fig. 2).

In our “low” DF set the DF for pulp and paper was very low due to negative DF for dis-
solving pulp. Dissolving pulp is a chemically processed pulp, which is dissolved in subsequent
manufacturing processes to produce regenerated fibers and films. Pulping and regeneration often
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take place in different countries, and similar products can be made from petrochemical sources.
Dissolving pulp’s negative DF indicates that the wooden option resulted in more fossil emissions
than the petrochemical-based option, because of the fossil energy-intensive infrastructure associ-
ated with regeneration. Dissolving pulp may be assigned a positive DF if the regeneration process
or country is changed (Shen et al. 2010). Finnish production of dissolving pulp ended in 2021
(SCMP 2021), which would turn the Finnish pulp and paper DFs positive. This is a good example
of DF’s sensitivity to relatively small changes in product portfolio.

In the case of the “high” DF set (Skytt et al. 2021), criticism by Gustavsson et al. (2022)
states that the DFs are still too low, specifically with respect to energy. Bearing that in mind, the
uncertainty estimate in our article is likely conservative.

A projection of an increase in harvest volume in Finland results in an increase in substitution
impact, but DF differences remain a dominant factor. The scenario of a 20% increase in harvest
volume and corresponding changes in forest products’ volumes did not offset the reduction in
substitution impact that would be caused by the projected decarbonization of the DFs for wood
products. Even the minimum substitution impact scenario we present is large: assuming a low and
decarbonizing set of DFs and a 20% reduction in the harvest volume, 7.3 MtCO; eq of avoided
fossil emissions would occur in 2040 because of wood use in Finland.

The DFs applied in this article, “Low” (Hurmekoski et al. 2023) and “High” (Skytt et al. 2021)
are based on Finnish and Swedish references, respectively. Despite the seemingly similar forest
industry structure and technical-economic circumstances between Finland and Sweden, the two
DF sets differ from each other substantially. Recognizing the even greater uncertainties in the EU
and global scale analyses, our results highlight the effect of DFs on estimates of avoided emissions,
also pointed out by Wedajo et al. (2025) and, on the other hand, the great volume of avoided fossil
emissions regardless of the DFs used. Once enabled by data availability, it will be possible to make
country-specific DFs and more accurate substitution impact estimates for larger geographic area.

Potential end-of-life substitution impacts were not considered here either for wood or its
alternatives. However, they would likely further increase the substitution impacts, if using wood
repeatedly results in avoiding the use of other materials or if the wood is used for energy at the end
of its lifecycle. Hurmekoski et al. (2023) calculated that such impacts increased the total substitu-
tion for Finland by 42%. The current forest and HWP storage accounting, which neglects substitu-
tion impacts, not only fails to recognize the potential importance of wood reuse and recycling but
also leads to the odd situation where disposal of wood in landfills is credited as a large increase
in carbon stocks (65 MtCO,e in the USA in 2020; Domke et al. 2023). Such wood “waste” could
also be treated as a biofuel that decreases the energy sector’s dependency on fossil fuels and, thus,
provides substitution benefits.

Including the forest residues and industry by-products used for producing market energy more
than doubled the Finnish wood energy’s substitution impact compared to accounting based only
on FAOSTAT’s fuelwood category (Table 2). Finland produces more than 50% of its total wood-
based energy from forest industry by-products (Finnish Statistical Yearbook of Forestry 2023), but
this remains unaccounted in FAOSTAT fuelwood data. Based on the forest industry structure and
Finland’s high efficiency biomass utilization, we estimate that this percentage is higher in Finland
than in the EU and the world. Still, we assume that the EU and world substitution impacts for
wood energy and, accordingly, total avoided emissions presented in Table 2 are underestimates.

Printing papers have a declining global demand. Simultaneously, packaging papers and paper-
boards (FAO 2022b) have a stable or increasing demand. Pulp and its resultant paper and paperboard
products are an important component of Finland’s forest industry production and strongly affect
the substitution impact estimates. Paperboard covered 31% of the total pulp market in Finland in
2020, and the share is expected to increase up to 35% under the projection by Maanavilja et al.
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(2021). In the United States, the share of pulp going to packaging has reached 70% (Taylor et al.
2023). A similar shift in Finland would almost counteract the reduction in substitution impact due
to projected decarbonization (data not shown).

Decarbonization of energy systems would reduce the substitution impacts of wood products
relative to currently fossil energy intensive alternative materials. However, large-scale decarboni-
zation of major fossil CO, emitters, such as construction sector and metals production, remains
behind schedule (IPCC 2023). Total energy consumption increases proportionally to or faster than
the renewable energy production, thus new global records of fossil fuel consumption are still being
set (IEA 2023). While Brunet-Navarro et al. (2021) predicted a 1/3 reduction in substitution impacts
by 2030, our decarbonization speed is 65% reduction by 2050, following the pace suggested by
Hurmekoski et al. (2023). Such a reduction in fossil fuel intensity of the energy systems would
represent tremendous progress in climate change mitigation. However, some decarbonization
technologies could also apply to wood processing operations, thus moderating the decrease in the
DFs relative to non-wood options. Regardless of the extent of decarbonization, and the potential
reductions in wood product DFs, as long as the DFs are positive, there remains further opportunity
to derive substitution impacts from wood use.

We divided forest products into five categories. More precise division of the product streams
and their DFs would result in more detailed information, but we assume that the substitution impact
magnitudes would not change dramatically. The future relative volumes of specific products are
unknown. Thus, we assumed that changes in harvest volume would affect all product groups equally.
Future harvest volume changes may result in a different share of an existing product with high or
low DF, or novel products with high or low DFs may replace some existing products.

The substitution intensity of harvest in 2020 ranged widely (0.21-0.65; Table 3), reflecting
the variations between low and high DF sets and the regional variations in product mix. Substi-
tution intensity in the past was likely different due to changes in DFs and product mix but was
within the range reported for 2020. Taylor et al. (2023) reported a substitution intensity of harvest
ranging from 0.35 to 0.44 tCO2e m3 for the United States over the past 30 years, which is within
the range we report for 2020.

Uncertainties related to DFs are high and may be higher the larger geographical area con-
sidered. Types and volumetric use of wood and non-wood products, as well as energy and material
efficiency of their manufacture, vary geographically, making global estimates of wood substitution
impacts unprecise today, as well as in future projections. Given these uncertainties, we limited
the future analysis to Finland, for which there are published wood production and use scenarios
(Maanavilja et al. 2021).

We acknowledge the methodological limitations in the DF approach in general (Leskinen et
al. 2018; Howard et al. 2021), as well as shortcomings in our simplified approach to estimate geo-
graphical ranges in substitution impacts. Therefore, we chose the most conservative option in several
calculation phases. The substitution impacts presented in this article are likely underestimates.

4.3 Policy implications

Our estimates of avoided fossil carbon emissions due to wood substitution for the EU in 2020
(149-317 MtCO,e depending on DF set applied; Table 2) are of the same order of magnitude to
the 410 MtCO,e reported by Holmgren (2020) for the EU, UK, Norway, and Switzerland. Grassi
etal. (2021) commented that this is “about ten times higher than values typically provided by other
assessments” (cited as ranging 2-43 MtCO,e year ). Grassi et al. (2021) approached the substi-
tutions from the climate change mitigation view, thus treating them as an additional mitigation
option for the future. This approach unfortunately does not account for the current wood substitu-
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tion impacts, nor the substitution impacts provided in the past. Given that fossil GHG emissions
are the root cause of climate change, past and future wood use has caused and will cause climate
benefits via avoiding fossil emissions. The magnitude of the substitution impacts suggests that
the current fossil GHG emissions by humankind, as well as the atmospheric fossil-derived CO,
content, would be larger if less wood had been used.

In addition to sawn timber, wood-based energy is a major component of avoided fossil emis-
sions by wood use. Past examples of national economic development have included a shift away
from wood as a primary energy source, and towards fossil fuels (Taylor 2016; Perlin 2022). Recent
examples of energy use trends in developing countries suggest a similar pattern. It remains to be
seen whether developing economies will transition from wood directly to other renewable energy
sources, without an intervening use of fossil fuels. If not, i.e., past trends of wood energy being
replaced by fossil energy are repeated, this will represent a reversal in the global wood substitution
impact and more fossil fuel emissions, albeit with possible increases in forest carbon storage. It
is evident that in countries with extensive forest industries and ample availability of by-products,
FAOSTAT wood energy statistics that exclude industrial by-products, are underestimates. Regard-
less, the large wood energy substitution impacts at all geographical scales reflect the continuing
importance of wood as a non-fossil energy source.

Imported products, which are excluded from the production-based national LULUCF report-
ing, also have a climate role: they reduce the destination country’s emissions via substitutions. This
is currently a completely uncredited climate benefit.

Although wood product’s substitution impact is not a component in IPCC reporting, and
hence currently receives little recognition in the global carbon market, the consideration of avoided
fossil emissions is not unprecedented. For example, avoided fossil emissions are a common measure
of the value of alternative energy technologies (IRENA 2024). An international standard method
for calculating DFs has been developed (ISO 2024) and it could be used to enable the inclusion of
wood substitution impacts in the carbon market offsets associated with the production or use of wood
in place of other materials, similar to how offsets are assigned to alternative electricity generation.
Such a scheme raises questions about the additionality of the offsets, given that wood is already a
commonly used energy and material resource. However, past usage of wood does not guarantee
its future use. The per capita usage of wood is declining in some countries, e.g., the United States
(Howard and Liang 2019; FAO 2020a). Wood substitution offsets would be permanent if any use
of wood avoids the demand for alternative products. They would also avoid carbon leakage, for
the same reason: replacement of fossil fuel intensive materials with wood in one location would
not increase the use of alternative materials elsewhere; hence they would marginally decrease the
demand for and production of alternative materials.

Sawn timber, with relatively high DFs, and wood energy, with large production volumes,
were important independently of the DF set or harvest volume (Fig. 2). The over two-fold differ-
ence between the low and high substitution impact estimates was mostly because of very different
DFs assigned to pulp and paper, and paperboard (Table 1). Sawn timber is the biggest contributor
to avoided fossil emissions at all geographical scales (Table 2). Lumber production is expected
to increase in Europe and globally (FAO 2022c¢), which suggests that its substitution impacts will
also increase. Worldwide, the energy produced from wood is of similar substitution impact to
sawn timber. Wood fuels are of fundamental importance as a primary energy source in developing
countries. Within the wood products manufacturing industries, the use of wood residues to fuel
processing (e.g., for drying lumber and paper) contributes to the positive DF of the products.

We believe that the total volume of wood-based carbon storage, i.e., forests and HWP, can
be increased and maintained more efficiently by sustainable wood use than without it. This state-
ment applies to both regional and global contexts. For example, over 1000 x 10° m3 of roundwood
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was processed into products and energy in Finland between 2000 and 2020, causing a cumulative
substitution impact of hundreds of MtCO,e (Table 3) partially in Finland (domestic use) and par-
tially abroad (exports). The Finnish forest growing stock volume increased by approximately 20%
during the same period (FAO 2020b). Substitution impacts by HWPs are likewise huge for the
EU and world with, respectively, growing or slightly decreasing inventories over the time period
(FAO 2020a).

5 Conclusions

Wood-based products and fuel substitute for fossil carbon emission intensive materials and energy
sources, thus reducing fossil GHG emissions. Biogenic and fossil carbon react similarly in the green-
house effect, but the primary cause of climate change is fossil carbon emissions. Wood’s substitution
effect is the only large-scale forest-related carbon benefit that reduces fossil carbon emissions.

We present a range for the avoided fossil emissions by the substitution impacts of different
wood-based products in Finland, the EU and the world. The single most important computational
factor affecting the present and future substitution impacts by wood use is the displacement factor
(DF) set applied. Uncertainties of wood product production data are another source of variation,
but less significant than the DFs. Country-specific DFs — when available — could produce more
accurate substitution impact estimates for larger geographical areas.

Despite the uncertainties, our estimates suggest large climate benefits for wood use. In
Finland, the substitution impact approaches to the scale of country’s total fossil emissions. At the
EU and the world, wood’s substitution impact is similar in scale to the entire reported LULUCF
criterion. Given this importance, in addition to the LULUCEF sector’s biogenic carbon also wood’s
substitution impact should be considered to obtain a holistic view on net climate effects of wood use.

In addition to their broadly studied biological functions, the role of forests in climate change
should be also understood in view of avoided fossil emissions in production and consumption sys-
tems. Far greater volume of fossil carbon would have been released into the atmosphere if fewer
wood products were used during the past ca. 150 years. On the other hand, it is evident that the use
of fossil resources for the needs of increasing population instead of wood has contributed to the
regrowth of overexploited or lost forests. Future development that maintains the sustainable use
wood from renewable forests will be an important part of global efforts to reduce fossil emissions
and the associated climate change.
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