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*  Climate effects of Norwegian forests under various policies were examined under parametric
uncertainty.

»  Shifting some of wood use to high-emission-saving wood products, climate benefits from
Norwegian forests can be increased without increasing harvests.

*  Only in the short-term it is possible to increase the climate benefits by increasing harvest.

* Investments to bioethanol production likely decrease climate benefits of forests.

The carbon substitution and storage effects related to Norwegian forests and the forest sector
were compared under three potential roundwood harvest scenarios: maintaining harvests at 2021
levels, increasing harvests by 20% due to policies aimed at maximizing economic benefits from
the forest sector, and reducing harvests by 20% due to biodiversity concerns. For harvested wood
products, both the current product structure and hypothetical alternatives were considered. The
carbon stock development in forests was projected using a forestry simulation tool for Norway.
Many uncertainties in carbon storage, substitution parameters, and data have been addressed using
Monte Carlo simulations. Shifting a portion of pulpwood use to produce wood-based insulation
materials and textile fibres was found to increase the climate benefits from the Norwegian forest
sector. In contrast, the shift to bioethanol production had only a marginal effect compared to the
current production structure. The analysis spanned the next two decades, which is a period relevant
to the investment and operational lifespan of industrial facilities. The results suggest that during
this time, smarter use of harvested roundwood for HWPs with high carbon substitution benefits
can be an effective means of climate change mitigation. However, in the long term, enhancing
forest carbon sinks by reducing harvests may be more beneficial for the climate, provided that
global efforts to reduce emissions from energy production are successful and lead to a decrease
in emissions associated with the production of various materials.
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1 Introduction

In most European countries, managed forests sequester more carbon dioxide (CO;) from the
atmosphere than they release in the form of various greenhouse gases (GHQ), in terms of CO,
equivalents. Therefore, they offset some GHG emissions from other sources. Moreover, harvested
wood products (HWP) contribute to climate change mitigation through two mechanisms: carbon
storage and substitution. Concerning carbon storage, HWPs function as a post-harvest repository
for carbon that is initially sequestered into trees (IPCC 2019). A net increase in carbon within an
HWP reservoir acts as a carbon sink and, thus, appends the sink in managed forest land. Substitu-
tion effects arise when the utilization of an HWP in an end-use, for example, in wooden furniture,
results in lower GHG emissions throughout the product’s lifecycle compared to products made from
alternative materials that serve the same function (Sathre and O’Connor 2010; Eriksson et al. 2012;
Smyth et al. 2017; Leskinen et al. 2018; Myllyviita et al. 2021). Hence, substitution benefits can
also be described as emissions avoided by replacing wood with other materials. Not all applications
of HWPs provide substitution benefits; however, in some cases, these benefits can be substantial.

A growing body of literature assesses the magnitude of the carbon storage and/or substi-
tution effects of HWPs at different geographical scales. For instance, Hurmekoski et al. (2020)
considered the substitution benefits coupled to wood harvests in Finland and found possibilities
for increasing them by changing the market structure to accommodate production of textiles and
wood-plastic composites and harvesting more wood for construction use. Braun et al. (2016) con-
sidered avoided emissions in alternative scenarios for forest industry in Austria. Suter et al. (2017)
considered the overall average climate effects of wood use in Switzerland. Several studies have
also accounted for the conflict between the decreased forest carbon sinks and increased carbon
storage and substitution benefits in HWPs, when the latter are attained by increasing the harvest
volume in a country (Werner et al. 2010; Kallio et al. 2013; Smyth et al. 2014, 2018; Braun et al.
2016; Matsumoto et al. 2016; Soimakallio et al. 2016, 2021; Heinonen et al. 2017; Valade et al.
2018; Jonsson et al. 2021; Schulte et al. 2022; Hurmekoski et al. 2023). The question of whether
the increased harvest and production of HWPs is beneficial from a climate change mitigation
perspective depends on several factors, among which the structure of forests in the region and the
products assumed to be produced from the increased harvests are important. For example, in the
scenarios of Jonsson et al. (2021) for the European Union, the substitution and storage benefits of
HWPs were offset by the reduction in forest carbon sinks from increased roundwood harvests by
2030. Matsumoto et al. (2016) suggest that, in Japan, enhancing carbon sinks in forests is more
effective for climate change mitigation than increasing the production of wood-based energy and
construction materials. For Finland, Seppéld et al. (2019) calculated that, to compensate for the
reduction of 1 Mg of forest carbon sinks, the emission savings from wood products should be at
least 2 Mg carbon. Soimakallio et al. (2021) and Hurmekoski et al. (2023) suggest that increasing
harvests in Finland would result in an increase in the net flow of GHG to the atmosphere. The
former considers emissions over a 50-year period, while the latter examines them for the next 100
years. Several previous studies (Lecocq et al. 2011; Kallio et al. 2013; Soimakallio et al. 2016;
Suter et al. 2017), indicate that if harvests are increased to produce heat, power, or biofuels, the
substitution benefits gained do not offset the reduction in forest carbon sinks within a timeframe
relevant to meeting Paris Agreement targets (United Nations 2024).

For Norway at the national level, a comparative evaluation of the combined climate effects
of forests and forest products is lacking, and this study aims to address this gap. Such an analysis is
particularly important given the Norwegian government’s goals to achieve climate change mitiga-
tion by increasing or initiating the production of wood-based biofuels for transport (The Government
of Norway 2023). Meanwhile, the issue of reducing harvests for biodiversity reasons has recently
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gained prominence in the political agenda (Stortinget 2023). While examining parametric data
suitable for analysing the climate effects of HWPs in Norway, Kallio et al. (2023) observed that
the substitution effects from Norway’s domestic forest industry production in 2020 could range
from 2.9 to 7.7 Tg CO,, with an average of 5.3 Tg CO,. This wide range of estimates highlights the
uncertainty related to the substitution parameters and end use of the materials. Gobakken (2023)
explored alternative HWP production schedules based on industrial roundwood from Norway, con-
sidering the uncertainty in the carbon substitution parameters. In addition to uncertainties related
to substitution effects, uncertainties related to the carbon sinks of forests and HWPs also exist.

This study compares the climatic effects of Norway’s forests and forest sector under different
harvest levels — current, increased, and decreased — based on national policy goals. It accounts for
various uncertainties in carbon substitution and storage parameters. Alternative production options
for forest industries are explored to identify pathways that enhance climate benefits and those that
may be less favourable. This study considers climate change mitigation effects and potential in the
medium term, looking up to 25 years ahead. This timeframe is particularly relevant for industries
planning investments in new operations or considering extending the lifespan of existing ones, as
well as for achieving the targets of the Paris Agreement (United Nations 2024).The study addresses
key issues in current Norwegian forest and climate policies, including the goals of investing in
biofuels for transport and forest protection. These results will be valuable for policymakers and
industrial stakeholders.

2 Material and methods

Carbon substitution and storage effects for Norwegian forests and forest sector were calculated for
seven alternative production settings discussed in Section 2.1. The calculation of the substitution
effects and data used are discussed in Section 2.2. The method employed for calculating carbon
storage in HWPs follows that used by Norway for UNFCC reporting (IPCC 2019). This method
and the choice of the relevant parameters are described in Section 2.3. Carbon sinks in forests
were calculated using the GAYA 2.0 forest simulation tool (Strimbu et al. 2023), as discussed in
Section 2.4.

Significant uncertainty exists regarding the data and assumptions that impact the assessment
of the climate effects of the forest sector. Regarding HWPs, these uncertainties concern end-uses,
materials substituted by wood products, wood input coefficients in production of HWPs, GHG
emissions related to the production and consumption of alternative products, and lifetimes and
end of life (EoL) destinies of products in their various uses. Sawnwood provides a good example.
For instance, we only have a rough idea of the share of sawnwood production used for making
furniture, and, further, for alternative types of furniture. Furthermore, it is not possible to deter-
mine which type of furniture the customer would have selected if the wooden options were not
available. Thereafter, the question of how long wooden furniture will last in use before disposal,
and what happens to it afterward, remains uncertain. Similar issues arise when examining the use
of sawnwood in construction. In forestry, alongside numerous uncertainties surrounding carbon
sequestration in managed forest areas, forests can be managed in various alternative ways, each
with differing impacts on forest carbon sequestration.

Monte Carlo simulations were used to account for uncertainties. Seven forest sector produc-
tion settings were designed and compared in a space consisting of 15000 equally likely states of
nature. These states of nature aim to address the uncertainties in parameters affecting the calcula-
tions of forest carbon sinks, HWP carbon sinks, and substitution effects. For consistency, some
parameters in the states of nature were shared between the calculations of substitution benefits and
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the carbon sinks of HWPs. The states of nature were created by drawing the data from their assumed
plausible distributions, which were assumed to be uniform. These choices are discussed below.

2.1 Production alternatives considered

The seven cases for which the climate effects were calculated differed in roundwood harvests and
forest industry production, as presented in Tables 1 and 2, respectively. The climate impacts of the
HWPs assumed to be made of wood of Norwegian origin were considered. Thus, in addition to
the domestic production of HWPs, foreign production, based on Norwegian net exports of round-
wood and wood chips, was included in the calculations. Domestic forest industry production was
maintained at least at its current level in all cases, but the use of wood exports and the potentially
increased or decreased harvests varied across cases. Among the HWPs, we consider only products
manufactured from wood biomass removed from the forests and used for the first time. Hence,
paper products made of recycled paper and panels made of recycled wood were excluded. Instead,
sawmill chips and sawdust used for pulp and panels were included, because that represents the
first-time use of these raw materials. The current forest sector production in Norway was defined
based on statistics for 2021, using FAOSTAT database (FAO 2023) as the primary data source.
Additional data on the production of ethanol, pellets, and insulation materials were collected from
producers’ websites. Data from Statistics Norway (2023a) supplemented the wood export data.

2.1.1 Production settings assuming harvests remaining at their 2021 levels

In the case, hereafter called iH2021, the annual roundwood harvests were set to remain at 13.2 Mm?
as they were in 2021 (Table 1). Domestic forest industry production was set to replicate the pro-
duction in 2021 (Table 2). Net exports were 3.5 Mm? for roundwood and 0.2 Mm? for wood chips
and particles obtained as by-products of the forest industries (Table 1). Sawlog net exports were
assumed to be used for sawnwood production abroad. Net exports of pulpwood and chips were
assumed to be used for making chemical pulp for printing and writing papers (50%) and paper-

Table 1. Harvests and net exports of wood in seven production alternatives considered for Norway. iH2021: harvest
and forest industry production as in 2021. iH2021Fibr: as iH2021 but with pulpwood exports used for textile fibre
and insulation materials production instead of paper pulp. iH2021Fuel: as iH2021 but with pulpwood exports used
for transportation biofuels. iH2021-20%: industrial roundwood harvests are 20% lower than in 2021. Forest industry
production based on exported wood is cut down. iH20214+20%: industrial roundwood harvests are 20% higher than in
2021. Production increases in existing product categories. iH2021+20%Fibr: as iH2021+20% but production of textile
and insulation materials increase. iH2021+20%Fuel: else as iH2021+20% but production of transportation biofuels
increases.

Harvest, Mm?3 Net exports, Mm? Side product from sawlog
net exports and changes
in domestic sawnwood

production, Mm?3

Fuelwood Sawlogs Pulpwood  Total Sawlogs  Pulpwood Wood chips Wood chips

and particles and particles
iH2021 2.1 6.9 4.6 13.6 1.7 1.9 0.2 0.6
iH2021Fibr 2.1 6.9 4.6 13.6 1.7 - - 0.6
iH2021Fuel 2.1 6.9 4.6 13.6 1.7 - - 0.6
iH2021-20% 2.1 5.5 3.7 11.3 0.3 0.9 0.2 0.1
iH2021+20% 2.1 8.2 5.6 15.9 3.0 2.8 0.6 1.1
iH2021+20%Fibr 2.1 8.2 5.6 15.9 1.7 - - 1.1
iH2021+20%Fuel 2.1 8.2 5.6 15.9 1.7 - - 1.1
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Table 2. Production of forest industry products in the seven cases considered for Norway. Abbreviations: SaW = sawn-
wood, MeP = mechanical pulp, ChP = chemical pulp, DiP = Dissolving pulp, ParB = particleboard, FiB = fibreboard,
WhP = white pellets, BIP = black pellets, TeF = textile fibre, InsM = insulation materials, BE = bioethanol. Wood inputs
for textile fibre and ethanol were randomized between 4.9-5.3 m3> Mg and 6.0-7.3 m? m~3, respectively. Notation
[min, max] gives the resulting minimum and maximum production levels that appeared in the 15000 states of nature.
Mg refers to tonne, and Tg to millions of tonnes. For short description of the cases, see Table 1.

SaW MeP ChP DiP ParB FiB WhP BIP TeF InsM BE

Mm3 Tg Tg Tg Mm?  Mm? Tg Tg Tg Tg Mm3
iH2021 373 090 053 015 032 018 0.15 0.07 0.00 0.04 0.02
iH2021Fibr 373 090 0.12 0.15 032 0.18 0.15 0.07 [0.29,0.35] 0.20 0.02
iH2021Fuel 373 090 0.12 0.15 032 0.18 0.15 0.07 0.00 0.04 [0.28,0.38]
iH2021-20% 297 09 024 015 032 0.18 0.15 0.07 0.00 0.04 0.02
iH2021+20% 449 090 082 0.15 032 018 0.15 0.07 0.00 0.04 0.02
iH2021+20%Fibr 449 090 0.12 0.15 032 0.18 0.15 0.07 [0.48,0.59] 0.31 0.02

iH2021+20%Fuel 449 090 0.12 0.15 032 0.18 0.15 0.07 0.00 0.04 [0.47,0.65]

board (50%). Sawnwood production from Norwegian sawlogs abroad was also taken to generate
chips and particles of Norwegian origin (Table 1). These were also used for paper pulp production.
Production of one cubic meter of sawnwood was assumed to require 1.8 m3 of sawlogs (under
bark). That figure was obtained by calibrating the input factor with statistics on apparent sawlog
consumption and sawnwood production in Norway for the years 2016—2020 (Statistics Norway
2023a, FAO 2023). Amount of chips suitable for pulp production obtained as side product was
assumed to be 63% of sawnwood volume. These figures align well with the input factors used in
forest sector models for sawnwood production in Norway (Mustapha 2016; Kallio 2021). In addi-
tion to chips, the sawnwood production provides sawdust used as an input for instance in pellets
and particle board production. For chemical pulp production abroad, wood input 4.9 m? (u.b.) per
1000 kg of pulp was assumed.

Two alternative forest industry production structures were considered under the 2021 harvest
level. Instead of using net exports of pulpwood and chips for production of chemical pulp for paper
and paperboard, they were assumed to be used for biofuels (ethanol) in case iH2021Fuel and for
textiles fibres and insulation materials in case iH2021Fibr (Table 2). The production could take
place in Norway given investments into production capacity. Production of bioethanol was chosen,
because several investment projects for bioethanol and other biofuels have been under discussion
(Prosess2021 2021) and the increase in the use of bioenergy and biofuels for transport is in the
agenda of the Government of Norway (2023). Production of textile fibres and insulation materials
were taken into consideration based on a pre-study by Kallio et al. (2023) proposing that these
products could lead to increased substitution benefit for Norway. Favourable climate impact of
textile fibres had been shown by Shen and Patel (2010), Shen et al. (2010), Riiter et al. (2016), and
Spinnova (2022). Wood-based insulation materials are still a niche product but have the potential
to become significant. In Norway, new production capacities for wood-based insulation materials
have recently been established, and further expansion could be more manageable for companies
that already have market knowledge.

2.1.2 Production settings where industrial roundwood harvests are 20% higher than in 2021

In the past decade, roundwood harvests in Norway have consistently fallen well below the annual
increment in forests (Nibio 2019). Recognizing the economic potential of increasing harvests,
the Norwegian government set a target of approximately 15 Mm? for annual harvests in its forest
strategy “SKOG22” (The Government of Norway 2015). This target was maintained when the
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Norwegian government established the LULUCEF forest reference levels for 2021-2030, selecting
from various scenario paths for forests (Nibio and Miljedirektoratet 2019; The Government of
Norway 2019). This policy target formed the basis for three cases in our analysis: iH2021+20%,
iH20214+20%Fibr, and iH2021+20%Fuel (Tables 1 and 2). In these cases, where industrial round-
wood harvests were assumed to be 20% higher than in 2021, the increase in sawlog harvests was
assumed to be used for additional sawnwood production either domestically or abroad. The increase
in pulpwood and sawmill chips production was assumed to be exported for paper pulp production
in iH2021+20%. In the other two cases, increased pulpwood and sawmill chips production and the
volume of pulpwood and chips that were net exported in iH2021 were used to make bioethanol
(1iH2021+20%Fuel) or textile and insulation materials (iH2021+20%Fibr) in Norway. Fuelwood
harvests obtained from Statistics Norway (2023b) were kept at the 2021 level of 2.1 Mm?3 in all the
cases (Table 1). Statistics on fuelwood production are estimated based on sample surveys among
households and are not as reliable as those of officially registered industrial roundwood harvests.
Although this study focuses on the industrial use of wood, fuelwood harvests are included due to
their impact on forest carbon stocks.

2.1.3 Production settings where industrial roundwood harvests 20% lower than in 2021

The need for increased forest protection has been debated in Norway in recent years. The Energy
and Environmental Committee of the Norwegian Parliament (The Energy and Environmental
Committee 2024) recently supported a proposal to protect all natural and old-growth forests in
Norway. This aligns with the EU Biodiversity Strategy for 2030 (European Commission 2020),
which calls for increasing protected land areas and strict protection of all primary and old-growth
forests. Norway often follows EU legislation through the European Economic Area Agreement.
Storaunet and Rolstad (2020) estimate that 30% of Norway’s productive forests could be classified
as natural forests in 2016. Some of these forests are likely to be in areas of difficult accessibility,
where harvests would not yield significant economic gains. Therefore, protecting these areas would
likely not impact the overall harvest levels. In case iH2021-20%, it was assumed that sawlog and
pulpwood harvests would decrease by 20% from the 2021 levels and affect the net exports of
roundwood and, consequently, the volumes of sawnwood, sawmill chips, and paper pulp produced
from the exported quantities (Tables 1 and 2). However, whether domestic or foreign production
adjusts to reduced wood availability in Norway is not critical to the results. Additionally, it was
assumed that the fuelwood harvest remains unchanged.

2.2 Avoided emissions owing to the use of wood products

As discussed above, there is considerable uncertainty regarding the end-uses of HWPs, materi-
als they replace, and GHG emissions avoided owing to such replacements. Table 3 displays the
ranges of the carbon displacement factors (DFs) applied to create the states of nature for substitu-
tion effects. The data are provided separately for the production stage of HWPs and EoL use for
energy. Various data sources were used, and key references are listed in Table 3. When applicable,
Table 3 provides the assumed ranges of end-use shares for semi-finished products and wood
inputs. Among the HWPs currently produced in Norway, sawnwood has the highest contribution
to carbon storage and substitution, and it was examined by end use. Treindustrien (2021) reports
that 75% of the sawnwood produced in Norway is used as building material. Leskinen et al. (2018)
considered that 50% of sawnwood is used as construction materials which was here interpreted
to refer to structural construction. Previous studies by Hurmekoski et al. (2020) and Sandberg et
al. (2014) were examined when defining end-use share ranges for furniture, packaging materi-
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Table 3. Carbon displacement factors (DFs) for 2030, end uses, and other assumptions made on harvested wood prod-
ucts (HWPs) originating from Norwegian wood. Unless otherwise mentioned, unit for DF is MgC per unit of finished
product expressed in MgC stored in it. For the parameters varying across the 15000 states of nature, the ranges used in
defining these states by random draw are indicated either by [lowest value, highest value] or by a default value with a
30% percentage variation around it. Thus e.g., 0.9+30% could also be written [0.63, 1.17].

HWP Variation in end-use share or wood input DF, Production DF, End-of-Life
& other assumptions

Sawnwood for

Construction: [70%, 80%] of sawnwood (D)
-Structural [60%, 73%)] of construction @3 0.9+30% @ 0.55+30%
-Non-structural Rest of construction 1.2+30% @ 0.55+30%
Furniture [2%, 4%] of sawnwood - ©) 0.9+30% @ 0.55+30%
Packaging [81%, 91%)] of what is left after 1.1+30% @ 0.55+30%

construction and furniture. Mean
19%,. 4.5

Other uses What is left from all other uses. 0™ 0.55+30%
Mean 3%. 4:(5)
Fibreboard Various end-uses [-0.16, 0.33] ©-( 0.55+30%
Particleboard Various end-uses [0.26-1.60] @ ©) (. ®). (15 (.55+30%
Insulation materials
Blow in [40%, 60%] ® [2.9,3.8] ©.(10).(11) 0.55+30%
Board form Rest of insulation materials [1.5,3.8] ®- (100D 0.55+30%
Mechanical pulp Used for newsprint and magazine 0 0.55+30%
papers
Wood-based textile fibres Substituting oil-based fibre. Wood ~ [2.5, 3.7] 12-(13).(149) 0.55+30%

input [4.9, 5.3] m? per Mg of pulp®
Chemical pulp made from exported wood

Printing and writing papers ~ 50% end-use share &) 0 0.55+30%
Paperboard replacing plastics  50% end-use share ) 1.3+30% ® 0.55+30%
Pellets (white) Substituting [heating oil, coal] - [0.35, 0.43] MgC
per Mg of pellets @
Pellets (black) Substituting coal - [0.45, 0.49] MgC
per Mg of pellets @
Bioethanol Substituting gasoline. Wood input - [0.35, 0.44] MgC
[6, 7.3] m? per m3 of fuel @ per m? of fuel @)
Fuelwood Household fuelwood - [0.10, 0.60] @

Sources: 1) Treindustrien 2021. 2) Leskinen et al. 2018. 3) Calculated or assumed by authors, 4) Hurmekoski et al. 2020. 5) Sandberg et
al. 2014. 6) Suter et al. 2017. 7) Tromborg and Sjelie 2011, 8) Knauf et al. 2015. 9) Kallio et al. 2023, 10) Hunton 2017, 2020a, 2020b,
11) Schulte et al. 2021, 12) Shen et al. 2010, 13) Riiter et al. 2016, 14) Spinnova 2022. 15) Brunet-Navarro et al. 2021.

als, and other sawnwood products. In Norway, mechanical pulp is solely used for production of
newsprint and other printing and writing papers. Chemical softwood pulp that was assumed to be
produced abroad from Norwegian wood was assumed to be used equally for printing and writing
papers, and for packaging paper and paperboard (Table 3). Considering that paperboard produc-
tion is growing, and printing and writing paper production is decreasing (FAO 2023), the share of
paperboard, which has been suggested to provide higher substitution effects than printing papers,
can be considered conservative.

When it was necessary to convert units of forest industry production in cubic meters or
tonnes (Mg) to grammes of carbon, the following carbon contents, ¢, were applied: 0.225 MgC m>
for sawnwood, 0.269 MgC m3 for panel products, 0.4 MgC Mg for pulp for paper and textiles,
0.44 MgC Mg! for insulation materials. The IPCC default value for sawnwood carbon content
is 0.229 MgC m3, but a slightly lower value was used here because Norway mostly produces
coniferous sawnwood, which has a lower carbon density than hardwood. The same values were
used for the carbon stock calculations discussed in section 2.3.
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At the end of their life, most wood products can be recovered and incinerated for energy.
Other materials replaced by wood products could also be used for energy, but such energy is often
not renewable. Cotton is an exception, but we assumed wood-based textile fibres to replace fossil
fuel-based fibres. Despite rapidly increasing demand for textile materials, cotton production has
stagnated or grown very slowly, while the use of wood-based and oil-based textile fibres has been
growing rapidly (Kallio 2021).

We assumed that the EoL DF ranges between 0.4 and 0.7 MgC MgC-! (0.55+30%) up to
2030. Unless stated otherwise, this and other figures in Table 3 refer to Mg of fossil carbon avoided
per Mg wood carbon remaining in the product. This allows for a consistent EoL DF unit across all
forest industry products, assuming a similar rate of energy recovery, which simplifies calculations
and enhances transparency. Regarding other studies, we could note that Leskinen et al. (2018) found
a mean EoL DF for all HWPs at 0.4 MgC MgC! across the studies reviewed, and Hurmekoski
et al. (2020) chose to employ 0.7 MgC MgC-! for Finland. However, these DFs referred to the
fossil carbon avoided per unit of wood carbon used in the production of wood product. Convert-
ing them to carbon saved per unit of carbon remaining in the product would yield higher figures.
Brunet-Navarro et al. (2021) used a figure for EU that was in various applications above 0.4 MgC
per MgC contained in a product, which is comparable to many of the EoL DFs applied by Riiter
et al. (2016) for 2030.

The assumption on DF for fuelwood does not affect the comparison of the production cases
(Table 2), as fuelwood production was kept fixed at 2.1 Mm? a~! (0.48 Tg C). The DF for fuelwood
was set in the range of 0.1-0.6 MgC MgC-! (Table 3). In Norway, fuelwood is mainly used by
private households for heating (Statistics Norway 2023c). Fossil fuel-based heating applications
are now forbidden in Norway, and the main plausible alternatives for fuelwood are direct electric
heating or electricity driven heat pumps. Using the statistics of production of heat and the electric-
ity use by heat pumps in Norway, GHG content of Norwegian electricity (Norwegian Ministry of
Energy, 2024), and assuming 85% efficiency of heat production if fuelwood is used, DF of circa
0.06 MgC MgC-! would results. The figure is low because electricity produced in Norway is almost
100% renewable. However, Norway is an important exporter of clean electricity to European mar-
kets. In 2021, the net exports of electricity were 17.6 TWh (Norwegian Ministry of Energy 2024).
Electricity not used in Norway can be exported, helping the more emission intensive countries
to decarbonize and balance their electricity production, particularly in the winter times when the
demand for heating is high. Considering the average emission intensity of electricity in the main
importer countries for Norwegian electricity, Denmark, Germany, Sweden, and the United Kingdom
in 2021 (European Environment Agency 2024, Government UK 2024), DF would be 0.41, 0.66,
or 1.14 MgC MgC-! using the figures for Denmark, the UK, and Germany, respectively, whereas
DF for Sweden would be at the Norwegian level. Hence, there is large variability of potential and
relevant substitution benefits. Since heat pumps are not always a practical alternative to direct
electric heating, these examples of DFs can be regarded as conservative.

Emission savings achieved by producing and using HWPs compared to products made from
alternative materials, as well as savings from the EoL of HWPs, are expected to decrease as energy
sectors in many countries gradually decarbonize. This trend is acknowledged in several studies
(Riiter et al. 2016; Hurmekoski et al. 2020; Brunet-Navarro et al. 2021), but accurately predicting
how much the DFs should decline over time is complex. The EU aims to reduce emissions by
90% from 1990 levels by 2040 and to achieve climate neutrality by 2050. Although some GHG
emissions from industries and energy supply will remain in 2050, these should be counterbalanced
by removals including forest sinks (European Commission 2024). Wood-based bioenergy, whose
emissions are accounted for in changes to forest carbon stocks, plays a role in the EU’s decarboni-
zation strategies. Without it, additional costly measures would be needed to replace fossil fuels.
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However, if we base assumptions about future DFs solely on the EU’s climate goals, we might
overlook the fact that many significant global producers of alternative materials, such as concrete,
steel, plastics, and polyester, are not European. For example, China and India — two major users
of coal, crucial for electricity generation in steel and cement production — have no plans to phase
out coal by 2035 and have not provided a timeline for doing so beyond that (International Energy
Agency 2024). China and India are leading producers of steel and cement, with China being the
largest and India the fourth-largest exporter of PET, a plastic material used in many applications
competing with paperboard and wood-based textiles (The Observatory of Economic Complexity
2024; World Cement Association 2024; World Steel Association 2024). If we assume that DFs
decline in line with the EU’s climate goals — owing to HWPs produced in Europe becoming more
climate-friendly — we risk overlooking the possibility that the emissions associated with the materi-
als we compare these HWPs to may not necessarily decrease at the same rate, if at all. In some rare
instances, the emissions gap between some alternative materials could even widen. As to the EoL
DFs, it is also relevant to consider that as Norway and the EU export HWPs to non-EU countries,
where the incineration or reuse of these HWPs also will occur. This presents significant potential for
emission savings when these countries realise the value in waste recovery, if not doing so already.

Acknowledging the challenge of making perfect assumptions about the evolution of DFs,
and without claiming to have resolved it, we incorporated some decline in the DFs over time, while
trying to keep in mind the previously discussed points: that Norway and the EU do not produce all
alternative materials to HWPs; that Norway and the EU export HWPs also outside of Europe; and
that bioenergy remains the most suitable renewable alternative for replacing fossil fuels in some
cases even in the EU. We assumed that all DF’s, both production and EoL, would decrease over
time — by 30% by 2040 and by 50% by 2050 — relative to the DFs in Table 3. Each state of nature
was adjusted accordingly over time with a constant ratio. For the range of EoL DF between 0.4 and
0.7 MgC MgC!, a 50% reduction would result in a DF ranging between 0.2 and 0.35 MgC MgC!
in 2050. The same assumptions were applied to bioethanol, despite the EU’s plan to ban the sale
of new petrol and diesel cars in 2035 (European Parliament 2022). Some such vehicles will still be
on the European roads in 2050, and biofuels can be used for fuelling remaining vehicles, including
those used in heavy transportation and aviation.

2.3 Carbon sink of harvested wood products

Carbon sinks or sources in HWP pools, i.e., increases or decreases, respectively, in the volume
of carbon stored in these products, were calculated by applying the first order decay function as
proposed by the Intergovernmental Panel on Climate Change (IPCC 2006). Following IPCC, the
carbon stock C(7) and its change AC(i) in a particular HWP category in year i were calculated
using Eqgs. 1 and 2:

(=)
C(i+1l)=eFxC(i)+ . xcrQ(i), 6))
AC(i)=C(i+1)-C(i), ()
where:
C(i) is carbon stock (kt C) in the beginning of year i;
k is rate at which carbon is removed from the pool (first order decay rate);

¢ 1is carbon content of the HWP considered (MgC per unit of product);
Q;  isproduction volume of the HWP considered;
AC(i) is carbon stock change (kt C) in year i.
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The decay rate, £, is defined as k = In(2) / HL, where HL is the half-life. HL is the number
of years it takes to lose half of the material currently in the pool. It is calculated from the mean
lifetime ML of an HWP as HL = In(2) x ML. The initial carbon stock C(i = 0) for the HWP category
was based on the average inflow of carbon to the pool from 1961 to 1965.

Carbon sinks were calculated for sawnwood, panel products, paper pulp, and textile fibres.
The half-lives of these products were randomized for 15000 states of nature. In each state of
nature, HL was kept fixed during the entire calculation (1960-2050). The resulting mean of the
HLs deviates only slightly from the default values used in IPCC (2014): 2 years for paper, 35 years
for sawnwood, and 25 years for panels. Table 4 displays the ranges of the mean lifetimes (ML) and
corresponding half-lives (HL). Since there are several alternative uses for sawnwood and panels,
the HLs used in the carbon stock calculation for a given state of nature were determined by taking
the weighted average of the HLs across these, with the end-use shares serving as weights. For
ensure consistency, the end-use shares in the states of nature were the same as those used in the
calculation of the substitution factors.

To calculate the HWPs carbon sink, the initial carbon stock must be estimated from the past
data. In addition, because only HWPs whose production is based on wood produced in Norway are
considered, net trade in wood must be accounted for. In the past, Norway has sometimes been a
net importer of wood, whereas it has been a net exporter in recent years. This issue was addressed
by adjusting sawnwood and chemical pulp production in 1961-2021 by the shares of domestic
wood material of the total apparent use of sawlogs and pulpwood, respectively. The results are not
sensitive to these adjustments because they only slightly affect the starting volume of the HWP
carbon stock in 2022. Net exports of pulpwood and sawlogs were collected from FAOSTAT for
the years 1960—-1987 (FAO, 2023). Data from SSB (Statistics Norway 2023a) were available and
used from 1988 onwards.

Table 4. Assumptions used for calculating the carbon sinks in Norway for harvested wood products (HWP) with
half-life of 2 years or more. The half-life values vary across the 15000 states of nature, and ranges used in defining
these states by random draw are indicated by [lowest value, highest value]. Lifetime data are based on various sources
reviewed and indicated in Kallio et al. (2023, p. 260).

HWP Mean lifetime (ML). Years. Half-life range used in sampling.
HL =1In(2) x ML.
[Min, Max] years.

Sawnwood Weighted average over the uses in Table 3 [20, 50]
-Structural construction 52-100 [36, 69]
-Non-structural construction 10-60 [7,42]

Furniture 13-43 [9, 30]

Packaging 0-9 [0, 6]

Other uses of sawnwood 0-9 [0, 6]

Particleboard Weighted average of various uses: [8,37]

[40%, 50%] for furniture with ML of 1343 years, rest
[50%, 60%] for non-structural construction, with ML
of 10-60 years.

Insulation materials [28, 42]
Paper pulp 2
Pulp for textiles 3
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2.4 Carbon sinks of forests

A scenario analysis software tool, GAYA 2.0, was used to calculate the carbon sinks of the forests
in Norway. Strimbu et al. (2023) provide a description of the tool and show how it can be used to
predict and project carbon balance in a region based on national forest inventory sample plots. The
reader is referred to that article, but the details essential for this study are briefly described below.

The GAYA 2.0 simulations were initialized using 9691 plots measured by the Norwegian
NFI over a complete 5-year cycle from 2015 to 2019. Projections were made over a planning
horizon of 50 years, with forest simulations conducted for 10 five-year periods, extending the
projections up to 2070 and beyond the timeframe examined in this study. Treatments were timed
at the beginning of each period. An abbreviated treatment list is provided in Strimbu et al. (2023)
supplementary file S2. Forest owners were assumed to maximize net present value (NPV) of
roundwood production using a 3% yearly discount rate. The silvicultural treatment options are
standard for Norwegian management.

To compare the different harvest intensities, the harvests of each industrial wood category
were constrained to remain at the level observed for 2021 (Alternatives iH2021, iH2021Fuel,
and iH2021Fibr), 20% below that level (iH2021-20%), or 20% above that level (iH2021+20%,
iH2021+20%Fuel, iH2021+20%Fibr). An exception was made for birch harvest levels for which
only total harvested volume was set as a constraint. This was necessary as birch is seldom the
dominant species in Norwegian forest stands and is largely used for fuelwood, a category that is
not accounted for by the harvest statistics. Fuelwood harvests were kept same in all the cases.
Furthermore, by default, GAYA 2.0 predicts ideal wood categories, prioritizing saw logs over
pulpwood logs. To avoid infeasibility, calibration factors were used to increase the proportion of
the pulpwood logs. These factors were approximated at county level using levels based on the saw
logs and pulpwood logs proportions observed in 2021. While the objective of maximizing NPV
drives the decision of stand treatments, the fixed harvest level constraint is an important determi-
nant in harvest decisions. GAYA 2.0 uses the JLP22 (Lappi 2022) optimizer. The average prices
for sawlogs and pulpwood were obtained from Statistics Norway (2023b).

In this study, GAYA 2.0 was used to calculate carbon in living biomass, litter, and soil. Bio-
mass carbon predictions are based on biomass models for different tree components (Marklund
1988), assuming a 50% carbon content. Litter and soil carbon were predicted using the Yasso20
model (Viskari et al. 2022). The climate data necessary for the soil carbon model was retrieved
from Norwegian Meteorological Institute (2023) and consisted in county-level precipitation and
temperature measurements over 5 years (May 2018 — June 2023).

When building the states of nature for uncertainty analysis, it was assumed that the actual
forest carbon sinks could vary within +30% of the value projected by GAYA 2.0. This uncertainty
was judged plausible after examining the variations in carbon sinks across the projections calcu-
lated for Norway as background material for preparation of the Norwegian Forest Reference Levels
(Nibio and Miljedirektoratet 2019) and, also, when comparing those results to those given by GAYA
2.0. There are also other relevant reasons for allowing variation in the sink estimates, regardless
of the model’s accuracy in projecting the impacts of the assumed harvest on the forest carbon sink.
First, the impact of harvests on carbon sinks was not considered when making harvest decisions in
the GAYA simulations, as forest owners are not compensated for carbon. Hence, it is possible to find
harvest alternatives that would provide higher carbon sinks at the expense of forest owners’ income.
Second, it is also possible to allocate harvests in a manner that reduces the carbon sink more than
the harvest decisions chosen by the model. There are many forest owners, who differ in their prefer-
ences and decision alternatives available to them. Third, future harvests could be allocated differ-
ently among counties. An uncertainty range of 30% was considered to capture these aspects as well.

11
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The carbon stock in forest was calculated in the beginning of each 5-year period, while in the
result section we mainly discuss the years 2030 and 2050. The carbon sink for 2030 was calculated
from the change in forest carbon stock from the beginning of the year 2025 to the beginning of
the year 2035 divided by 10. For 2050, the sink refers to the respective change in forest carbon
stock during 2045-2055.

3 Results

Fig. 1 presents the mean substitution effects in the seven production alternatives evaluated in
2030, 2040, and 2050. The values shown in the figure are total substitution benefits compared to
a counterfactual with no HWP production. Fig. 2 shows the distribution of the substitution effect
differences of other production alternatives compared to iH2021, which is used as a reference case.
iH2021 assumes that harvest levels and production structure remain as in 2021.

Fig. 3 illustrates the projected carbon sinks in forests and wood products for the production
alternatives in 2030, 2040, and 2050. The values shown in Fig. 3 indicate the actual development
of the sinks, rather than their development relative to a counterfactual. The sinks are not compared
to the same counterfactual as the substitution effects in Fig. 1, as the development of the forest
sink without harvests was not calculated in this study.

Fig. 4 shows the difference in the level of the combined substitution and sink effects of
the six other production alternatives compared to iH2021. Notably, adding the differences in the
substitution effects (Fig. 1, Fig. 2) and sink effects (Fig. 3) is possible, as the differences in the
levels of the effects (compared to the reference case, iH2021) are the same regardless of whether
the effects (in Fig. 1 and Fig. 3) are initially expressed relative to the same counterfactual or not.
Fig. 4 allows comparing and ranking the cases.

In 2030, the cases in which some pulpwood and chips are redirected from paper pulp produc-
tion to the manufacturing of insulation materials and textile fibres (iH2021Fibr, iH2021+20%Fibr)
yield the most favourable climate change mitigation outcome in the Norwegian forest sector
across the alternatives considered. As expected, the forest carbon sink is larger in the iH2021Fibr
compared to the iH2021+20%Fibr (Fig. 3), due to higher harvest level in the latter. However, the
greater substitution effects in iH2021+20%Fibr (Fig. 1) make it the most favourable option for the
climate among the alternatives considered in the short term.

By 2040, the option of reducing harvests (iH2021-20%) generally outperforms the other
alternatives in terms of climate effects (Fig. 4). This is primarily due to the anticipated decline in
substitution factors resulting from the assumed decarbonization of global energy sectors. In 55%
of the 15000 states of nature, iH2021-20% is superior to the next best alternative, iH2021Fibr.
However, the average difference in climate effects between iH2021-20% and iH2021Fibr in 2040
is only 0.6 Tg CO, a~!. The cumulative climate effects during 2025-2040 are not necessarily
higher in iH2021-20% when compared to iH2021Fibr, where some of the pulpwood use is shifted
to production of HWPs with greater climate benefits. Notably, this gap could have been reduced
further if we had considered the possibility that both mechanical and chemical pulps might end up
in paperboard replacing plastic packaging instead of newsprint and magazine paper in the future.

In 2050, the difference in climate effects in the favour of case iH2021-20% becomes more pro-
nounced. iH2021-20% case now outperforms iH202 1 Fibr in 65% of the states of nature. The three
scenarios that align with the policy target of increased harvests (iH2021+20%, iH2021+20%Fibr,
iH2021+20%Fuel) generally provide lower climate benefits compared to maintaining harvest
levels at their 2021 level. However, when examining the simulated outcomes, the iH2021+20%Fibr
scenario still surpasses iH2021 in 38% of the cases in 2050.

12
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Fig. 1. Mean substitution effects of Norwegian forests for seven production alternatives evaluated in 2030, 2040, and
2050, Tg CO, a!. The figures are calculated for total production quantities, as in Table 2. The cases are arranged in the
order of increasing substitution effects. The production alternatives are explained in Tables 1 and 2, and Section 2.1.
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Fig. 2. Probability distributions of the difference in avoided emissions (substitution effects) among six production al-
ternatives for Norway compared to the iH2021 case, evaluated across 15000 states of nature in 2040, Tg CO, a”!. See
Tables 1 and 2 in Section 2.1 for the explanations of the production alternatives.
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sinks. The cases are explained in Tables 1 and 2, and Section 2.1.
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Fig. 4. Probability distributions of the difference in climate effects among six production alternatives for Norway com-
pared to the iH2021 case, evaluated across 15000 states of nature in 2040. The effects compared include the carbon
sinks of forests and harvested wood products and avoided emissions resulting from the use of harvested wood products,
Tg CO, a”!. See Tables 1 and 2 in Section 2.1 for the explanations of the production alternatives.
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The option of increasing harvests to produce biofuels for transportation (iH2021+20%Fuel) is
not advantageous from a climate perspective. It offers minimal improvement in substitution effects
compared to the current production structure, iH2021+20% (Fig. 2), while the higher harvest levels
would reduce the forest carbon sink (Fig. 3).

It’s important to note that the differences in climate effects among the cases iH2021, iH2021Fibr,
and iH2021Fuel, as well as among iH2021+20%, iH2021+20%Fibr, and iH2021+20%Fuel, are
solely due to the reallocation of some pulpwood and chips to produce ethanol or textile fibres and
insulation materials (Fig. 4). Despite some year-to-year differences across the cases in the volumes
of HWPs with longer lifetimes reaching their EoL stage and contributing to energy substitution, the
substitution effects in 2050 are approximately half of those in 2030 (Fig. 1). Because substitution
effects do not impact carbon sinks, they can be scaled upward or downward if one wishes to explore
the impact of alternative rates of decline in the DFs on the results, rather than the 50% rate applied
in this study. The dominance of the forest sink effect flattens the distributions of differences across
the cases (Fig. 4), given the assumption that the forest sink varies uniformly by £30% around the
values obtained from GAYA 2.0 simulations. HWP sinks play a smaller role compared to avoided
emissions and forest sinks (Fig. 3).

4 Discussion

In the simulations using the GAYA 2.0 forest model, forest carbon sinks decline over time across
all considered harvest levels. Much of Norway’s forests are relatively mature and have passed their
period of most rapid growth. Harvesting shifts forests from mature age classes to younger ones,
which sequester little carbon in the first few decades after harvesting. Even with an immediate
20% reduction in harvests from current levels, the simulations suggest that Norway’s forest carbon
sink in 2030-2050 will be significantly lower than that observed today. In addition to the measures
that might be taken within forestry, for example, allocating harvests differently across the forest
stands, which was not considered in this study, a feasible alternative for increasing the climate
benefits of forests is to change the consumption and thus production of forest industry products.
Increased consumption of wood-based textile fibres and insulation materials as a substitute for
other materials would provide positive climate effects. However, there may also be other products
with potential for climate benefits which were not considered in this study.

When harvest volumes increase, the forest sink is lower than that in the alternative case
without the increase. This difference in sinks between these cases tends to persist over time, at
least for some decades, as was also the case in this study. A carbon balance indicator (CBI) can
be calculated by comparing carbon sinks at different harvest levels (Soimakallio et al. 2022). The
CBI measures the difference in sink in relation to the difference in harvests (decrease in forest
sink in MgC per increase in harvests in MgC) over a period. For increased roundwood harvests
to provide positive climate effects, the carbon sink and substitution benefits from additional HWP
production should be higher than CBI. Such threshold values obtained from comparing annual
forest sinks of iH2021+20% to iH2021 and iH2021 to iH2021-20% are 1.3 and 1.6 MgC MgC-1,
respectively in 2030, and 1.2 and 2.3 MgC MgC-! in 2050. The figures are close to the mean CBI
of 1.6 MgC MgC! reported in the meta-analysis by Soimakallio et al. (2022) for temperate and
boreal forests. However, their analysis considered a longer time perspective of over 100 years.

When comparing CBI with the DFs in Table 3, it is important to note that the latter refer
to substitution effects per unit of finished product and exclude the wood inputs consumed during
production. Interpreting a CBI of 1.3 MgC MgC~! in terms of the coniferous wood usage means
that for each 1 m3 of wood (assuming cyof approximatively 0.2 tC m~3), the avoided emissions need
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to exceed 0.26 MgC to gain climate benefits. If we consider the highest avoided fossil emission
benefit employed in this study for ethanol substituting gasoline, 0.44 MgC m3, the wood input for
that could be at most 0.33 MgC for CBI of 1.3 in 2030 to yield climate benefits that surpass the loss
in forest carbon sink. That is clearly not a sufficient wood input (in terms of carbon) for producing
1 m3 of ethanol. Respectively, the highest value assumed for avoided emissions by consumption
of one MgC of textile fibre pulp was 3.7 + 0.55 MgC MgC-! in 2030 (Table 3). Considering the
carbon content 0.4 MgC MgC-! of such pulp, one tonne (Mg) of pulp could provide substitution
benefits of 1.6 MgC. For not to exceed the CBI 1.3, at most 1.2 MgC of wood could be used, which
is more than the typical wood input. It is worth noting that the highest CFs for textile fibres are to
be attained with the novel technologies with the lowest wood use (Spinnova 2022). The examples
for ethanol and textile pulps did not consider carbon sinks in the HWP pools, but for some other
products they would be relevant.

Non-market-driven, exogenous changes in harvest levels and forest industry production in
one region cause shifts in consumption and production in other regions. These impacts should be
considered when evaluating the climate effects of such policy-driven changes. The phenomenon
of harvest leakage has been recently examined by Kallio and Solberg (2018) for Norway, as well
as by Péivinen et al. (2022) and Di Fulvio et al. (2024) for the EU and Norway. These studies,
which agree on the magnitude of leakage effects resulting from policy-induced harvest changes
in Europe, are relevant in the context of this study. Kallio and Solberg (2018) suggest that if
roundwood harvests in Norway were reduced by 10-30%, at least 80% of the reduced volume
would be compensated by increased harvests elsewhere in the world. A similar but opposite effect
would occur if harvests were increased. For example, if the production alternative iH2021 is used
as a market-based reference point, a shift to iH2021-20% with reduced harvests would represent
a policy-driven exogenous change. Based on the 80% harvest leakage, a rough interpretation is
that if Norway’s annual forest carbon sinks increased by 3.0 Tg CO; in 2030 and 4.3 Tg CO; in
2050 due to a 20% reduction in industrial roundwood harvests (iH2021-20%), at least 80% of this
increase could be offset by a corresponding decrease in carbon sinks elsewhere in the world. The
mean difference in forest carbon sinks between cases iH2021 and iH2021-20% might decrease to
approximately 0.6 Tg CO, in 2030 and 0.9 Tg CO, in 2050. The corresponding differences between
cases iH2021 and iH2021+20%, after accounting for the leakage effect, would be approximately
0.5 Tg CO; in 2030 and 2050. However, harvest leakage is driven by the market demand for
harvested wood products (HWPs) and adjustments made by industries. This means that while the
substitution benefit from producing HWPs from Norwegian roundwood decreases by 1.5 Tg CO,
when we shift from iH2021 to iH2021-20% in 2030, perhaps 80% of that lost in avoided emission
is also compensated by HWP production from non-Norwegian wood that wasn’t harvested under
the iH2021 scenario. Expanding the analysis beyond Norway’s borders would narrow the differ-
ence in climate effects between the iH2021 and iH2021-20% cases. From a climate perspective, the
difference between these two production alternatives would not be remarkable. Although iH2021-
20%, with its higher carbon sink, would appear more favourable in Norway’s carbon accounting,
it would be less economically advantageous.

Kallio et al. (2023) suggest that when increased harvests are used to produce emerging
HWPs that are transitioning from niche to mainstream markets and have a significant substitution
factor, the leakage impact — whether sectoral or cross-sectoral (Howard et al. 2021) — could be
less pronounced. If the iH2021+20%Fibr production alternative was adjusted so that the entire
increase in harvests was directed solely toward wood-based textile fibres and insulation materials
(Table 2), the leakage impact would be reduced. It is also noteworthy that there is a declining trend
in the consumption of newsprint and magazine papers (FAO 2023), whereas this study assumed
that mechanical pulp and half of the chemical pulp production would continue to supply these
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products in the future (Table 3). Further decline in the production of these products could release
additional pulpwood and chips for new HWPs. However, the effects of market interactions on
climate outcomes require further investigation. Properly addressing this issue requires a forest
sector model or, ideally, a model that includes additional sectors to comprehensively capture global
market developments.

The carbon stored in HWPs is gradually released into the atmosphere, when the products
are disposed at the end of their lifetimes. The only way to prevent the HWP sink from declining
is to keep increasing the amount of carbon transferred from forests to HWPs, i.e., increasing the
production of HWPs. A practical approach to preventing or at least delaying the decline of the HWP
sink, which was not addressed in this assessment, is to extend the lifetime of HWPs. Instead of
incineration or landfilling materials at the end of their lifetime, they could be increasingly reused
for new products beyond just energy commodities. Reducing waste incineration delays the end-
of-life substitution of HWPs. If and how much the increased material recycling would increase the
avoided emissions owing to HWPs in their production stage depends not only on the technologies
used for HWPs, but also on the advances in the recycling and recyclability of competing materials.
The EU’s waste legislation (The European Parliament and the Council 2018) enforces increased
recycling, recovery, and recycling of municipal waste, including wood materials and packaging.
Furthermore, technologies where the textiles fibre could be recycled repeatedly are also under
development (Ioncell 2023).

While maintaining increased carbon storage in HWP pools over the long term is challenging,
the cases compared in this study demonstrate that it is possible to temporarily enhance the HWP
sink by shifting forest industry production towards products with longer lifetimes. For example,
the iH2021+20%Fibr case (which includes more sawnwood and insulation materials than iH2021)
shows an increase of 0.6 Tg C per year in 2050 compared to iH2021, while the iH2021Fibr case
(which contains more insulation materials than iH2021) shows an increase of 0.1 Tg C per year.
However, without significant changes in the production structure, a substantial portion of Norway’s
harvests is used for energy, including industrial processes for manufacturing HWPs. According
to Kallio et al. (2023, p. 259), only 54% of the carbon in industrial roundwood harvests used in
domestic production in Norway in 2020 was stored in industrial products, including short-lived
products such as pellets and paper.

The DFs used in this study for Norway were sourced from the literature. Given Norway’s
nearly emission-free electricity supply (Norwegian Ministry of Energy 2024), one might argue
that they are too low. Our choice was based on the reasoning discussed earlier regarding fuelwood.
Norway can export surplus low-carbon electricity, for instance, to the UK or Germany. Another
factor that could justify the use of higher DFs than those used in this study for some HWPs is their
potential for material reuse. For example, textile fibres can be reused multiple times with appro-
priate collection and recycling systems. While systems for recycling are not yet widespread in all
countries and HWPs, they could become more common in the future. Such cascading use has been
considered by Riiter et al. (2016) and Brunet-Navarro et al. (2021). Nevertheless, the uncertainty
ranges applied in this study may be sufficient to address this aspect.

5 Conclusions

This study compared seven production alternatives for using wood from Norway, varying based
on potential harvest levels influenced by Norwegian forest and environmental policies, and forest
industry production structures. The findings highlight the familiar trade-off between the reduction
in forest carbon sink due to increased harvests and the potential increase in carbon sinks and sub-

19



Silva Fennica vol. 59 no. 1 article id 23066 - Kallio et al. - Climate change mitigation through alternative uses ...

stitution benefits from harvested wood products. They also indicate that it is possible to increase
climate benefits by reallocating the use of wood to produce HWPs with high carbon substitution
benefits. Wood-based textile fibres and insulation materials, in addition to sawnwood, were used
as examples of such products in this study. Whether this also holds in the case of increasing round-
wood harvests and beyond 2040 depends on the success of mitigation efforts in the energy sector
globally. As noted in previous studies, if the energy sector is efficiently decarbonized, with most
production relying on emission-free or low-emission energy, the differences in energy intensities
among alternative materials and their substitution effects will become less significant over time.
In such a case, enhancing forest carbon sinks might be considered as a potential climate change
mitigation measure for Norway. However, its cost-effectiveness relative to other measures remains
uncertain and was not assessed in this study. Such a policy is also susceptible to the leakage phe-
nomenon, which should be considered.

Reallocating wood from paper pulp production to produce transportation fuel does not
enhance the climate benefits of the forest sector. Moreover, increasing roundwood harvests for
bioethanol production would be harmful to climate change mitigation efforts.

International trade in forest products and their non-wood alternatives, along with energy
scenarios in the producer countries, including those beyond the EU, plays a vital role in analyz-
ing the climate effects of HWPs. Adequately accounting for these factors, both for the Norwegian
forest sector and globally, will require further analysis, ideally using global multi-sectoral models.
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