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Highlights
•	 Wood reutilization strongly promotes particleboard production and harvest-residue use.
•	 Because of leakage effects, multilateral wood-reutilization policy is far more efficient than 

unilateral policy in reducing domestic roundwood harvesting.
•	 As wood reutilization increases, harvest-residue use rises by about twice the reduction in 

roundwood harvest, measured in solid cubic meters.

Abstract
Global roundwood harvests are projected to increase by 49 percent by 2050, and can negatively 
affect carbon sequestration, biodiversity, and essential ecosystem services. Employing a circular 
cascading strategy for wood resources may increase the carbon stock accumulated in wood products 
and reduce harvest. This study investigates a) how reutilizing 30, 50, and 70 percent of generated 
post-consumer wood by weight will affect the Nordic-Baltic forest sector, and b) the difference 
between adopting unilateral Norwegian and multilateral Nordic-Baltic wood reutilization policies. 
We apply the Nordic Forest Sector Model, a spatial partial equilibrium model, which includes 37 
assorted forest products, and make a novel extension by including reutilized wood products. The 
model calculates hypothetical harvest and production volumes as well as prices when each country 
is forced to meet the selected reutilization targets based on constrained welfare maximization. 
The results show that reutilization of wood promotes increased particleboard production, mainly 
in the Baltics, and increased utilization of harvest residues, foremost in Sweden and Finland, to 
maintain bioheat production. In the Nordic-Baltic area, between 0.42 and 0.73 cubic meters of 
roundwood would be saved for every cubic meter of wood reutilized, while the corresponding 
rates for Norway are 0.26 to 0.36. Due to leakage effects, unilateral Norwegian policies result in 
domestic roundwood reduction to reutilization rates as low as 0.03 to 0.05. This implies that it 
is vital to coordinate policies with adjacent countries to reduce leakage if the objective of wood 
reutilization is to reduce domestic extraction of roundwood.
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1	 Introduction

Shifting from a linear to a circular economy is seen as the key to decouple economic growth from 
resource extraction such as wood harvesting (European Commission 2019, 2023). By making this 
transition, the European Union (EU) hopes to achieve both climate change mitigation and protec-
tion of ecosystem services (European Commission 2019). In this context, the EU has implemented 
stringent overall recycling targets: 70 percent for the construction sector since 2020, 70 percent of 
packaging by 2030, and 65 percent of municipal waste by 2035, including material-specific tar-
gets for packaging waste (Directive (EU) 2018/851 2018; Directive (EU) 2018/852 2018). Future 
policies may also include mandates for high-quality recycling, remanufacturing, and minimum 
recycled content in products (European Commission 2020).

The Nordic and Baltic harvest covered 4 percent of the global roundwood consumption 
in 2022 (FAO 2025), which is projected to increase from 4.0 to 6.0 billion cubic meters by 2050 
(FAO 2024). Forest management and utilization of forest resources fundamentally affect carbon 
sequestration, biodiversity, and vital ecosystem services (United Nations Environment Programme 
and International Resource Panel 2024). As sustainably produced forest resources are scarce, it is 
recommended to commit to and enhance a circular cascading strategy, where wood is first used in 
long-lived products, then reused and recycled for as long as possible before it is utilized for energy 
(Höglmeier et al. 2017; United Nations Environment Programme and International Resource Panel 
2024). Implementing such a strategy would presumably increase resource efficiency and transform 
the forest sector. While opportunities may open up for providers of reused and recycled wood, 
reduced demand for fresh wood, ceteris paribus, would be disadvantageous to foresters, sawmills, 
and providers of logging and timber transport. Models that could quantify these changes would 
thus provide useful insights to stakeholders and policymakers.

Densely populated countries with substantial demand for wood products but limited forest 
resources, like the Netherlands, Italy and the United Kingdom, utilize large volumes of industry 
residues and post-consumer wood for wood-based panels (Vis et al. 2016). The current feedstock 
for European particleboards was estimated to consist of 43 percent post-consumer wood and 37 
percent industry residues (Cristóbal García et al. 2023). In contrast, other Nordic-Baltic countries 
with access to considerable forest resources per capita and greater heating demand due to cold 
winters largely incinerate their generated post-consumer wood to provide bioheat (Vis et al. 2016). 
While bioheat could be produced from mixed wood waste, sorting and preparing post-consumer 
wood for use in wood-based panels incurs additional costs (Vis et al. 2016; Lesar et al. 2018).

Wood recycling can be more challenging than paper recycling, as it involves a more complex 
and fragmented industry (Vis et al. 2016). Given that it took Europe 29 years to accelerate paper 
recycling from 40 percent (1991) to 73 percent (2020) (European Paper Recycling Council 2023), 
achieving a 70 percent recycling rate for wood by 2035 may seem overly ambitious. However, as 
other waste fractions may be even more challenging to recycle, the overall recycling objectives 
seem out of reach if Europe fails to achieve a matching wood-specific rate. Some countries have 
demonstrated progress, e.g., the United Kingdom achieved a 44 percent recycling rate for wood 
packaging in 2021 (Harte et al. 2020; GOV.UK 2024). Moreover, reuse centers that collect and 
redistribute reusable materials, including structural wood, wooden pallets, etc., are now being 
established across Europe. Although standard pallets are usually used numerous times before 
they are discarded and recorded as waste, analysis carried out by Gedde et al. (2025) indicates 
that obsolete and damaged packaging accounts for between a fifth and a third of all wood waste 
generated by Norwegian industries, and that this fraction has a high cascading potential. Improved 
sorting of wood waste and separation closer to the source, e.g., at the construction or demolition 
site, would strengthen the prospects for reutilization at the highest quality level (Vis et al. 2016).



3

Silva Fennica vol. 60 no. 3 article id 25005 · Thorkildsen et al. · Forest sector impacts from increased reutilization …

Based on a building stock model, Höglmeier et al. (2017) approximated that 25 percent of 
the post-consumer wood from the Bavarian construction sector could be reused, while 44 percent 
was suited for reutilization in particleboard and fiberboard. Analysis of 24 samples of shredded 
post-consumer wood from South-Eastern Norway showed that between 39 and 67 percent was 
clean wood chips free of visible contamination, and thus well-suited for recycling (Altgen et al. 
2025). Szichta et al. (2022) used a material flow analysis (MFA) model to predict the reutilized 
amount of recovered post-consumer wood 30 years ahead in Germany and found that sawnwood 
and particleboard constituted the major fractions. Fraanje (1997) applied the framework of Sirkin 
and ten Houten (1994) to demonstrate that cascading of wood could save or postpone harvest and 
thus reduce carbon emissions. Several life cycle assessments (LCAs) have concluded that a wood 
cascading strategy reduces the global warming potential (GWP) (Mehr et al. 2018; Faraca et al. 
2019b; Navare et al. 2022), and that it reduces extraction of roundwood (Risse et al. 2017; Niu 
et al. 2021). By conducting a dynamic consequential LCA in the case of the United Kingdom, 
Forster et al. (2023) concluded that cascading contributed to substitution of alternative products 
and reduced demand for roundwood, and thus increased rotation age and carbon sequestration in 
the forest, as well as increased carbon storage in harvested wood products (HWP). By combining 
LCA with a multi-objective optimization model, Taskhiri et al. (2019) found that wood cascading 
could reduce wood extraction by as much as 35 percent. A techno-economic assessment based 
on LCA concludes that the selected energy mix, assumptions about wood products being carbon 
neutral, and allowance for subsequent life cycles determine whether it is preferable to recycle 
before incinerating post-consumer wood (Cristóbal García et al. 2023). Contrary to what we know 
from basic economic theory, attributional LCAs generally assume that consumption of reutilized 
wood products completely substitutes an alternative product made from freshly harvested wood. 
Consequential LCAs better integrate economic theory but typically rely on retrieved generic data 
generated by a sector-by-sector Leontief input-output model, without revealing primary data.

By applying the French Forest Sector Model (FFSM), Lorang et al. (2023) show how different 
assumptions about the substitution rate between fresh and recycled pulp are crucial for judging 
whether paper recycling contributes to a net increase or decrease in carbon emissions. Several 
other studies applying partial equilibrium models point to notable trade and leakage effects in the 
forest sector. Such leakage occurs when an expected effect in a geographically separate market is 
partly offset by the opposite effect in external markets, e.g., when reduced logging in one country is 
counteracted by increased logging in other countries. Concurrently, considerable leakage weakens 
single countries’ incentives to introduce unilateral measures because major parts of the benefits 
are allocated to external countries where it is challenging to validate. Hu et al. (2024) found that 
leakage rates for roundwood from single Nordic countries were in the range of 59 to 106 percent, 
where more than 70 percent of the leakage was absorbed by non-Nordic countries. Kallio et al. 
(2018) and Päivinen et al. (2022) estimated the roundwood leakage from Europe resulting from 
harvest restrictions to 80 and 64 percent, respectively. Fischer et al. (2024) conclude that, due to 
harvest leakage to more vulnerable forests abroad, protecting 30 percent of the European forests 
in accordance with the Kunming-Montreal Global Biodiversity Framework (2022) would harm 
global diversity.

Although several studies have, separately and from different perspectives, assessed reutili-
zation options for post-consumer wood, associated carbon impacts, substitutability, and leakage 
effects, the absence of quantitative assessments of forest sector impacts connecting these topics is 
noticeable. We have thus applied the Nordic Forest Sector Model (NFSM) to assess and quantify 
the sectoral impacts of increased reutilization of wood. We construct the feedback loop in the 
Nordic-Baltic forest sector by integrating official data on generated post-consumer wood and 
knowledge about applicable reutilization options. The model implicitly determines various leakage 
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effects and substitution rates from introducing reutilization alternatives. This study aims to answer 
two interconnected questions:

a) How do different levels of wood reutilization affect harvesting, production, and allocation 
of intermediate and end products, as well as prices in the Nordic-Baltic forest sector?

b) What are the differences between implementing Norwegian unilateral and Nordic-Baltic 
multilateral policies to increase reutilization?

The next section introduces the NFSM, outlines key data assumptions, and details the reu-
tilization scenarios. Following this, results are presented, focusing on the impacts of reutilization 
rates on industry production and trade. The discussion section explores the study’s implications 
and limitations. Finally, the paper concludes with insights and recommendations for advancing 
wood reutilization policies and practices.

2	 Materials and methods

2.1	 The Nordic Forest Sector Model

The Nordic Forest Sector Model (NFSM) is a spatial, partial equilibrium model that simulates the 
dynamics of forestry, forest industries, and bioenergy markets in Norway, Sweden, Finland, Den-
mark, Estonia, Latvia, and Lithuania based on a neoclassical economics perspective. It connects 
transport costs with the interaction between geographically separated markets for distinct product 
categories, a conjunction first theorized by Samuelson (1952). Price and quantity traded in each 
separate and distinct market are determined both based on predefined internal supply and demand 
functions and the net inflow of uniform goods from other markets. Goods flow from low-price 
markets to high-price markets as long as the transport costs do not exceed the price difference. 
NFSM handles the major forest product categories, including roundwood, sawnwood, wood-based 
panels, pulp and paper products, harvest and industrial residues, and bioenergy, which are linked 
through various interconnecting mechanisms. By-production is largely driven by the demand for 
the main product. Some products, typically by-products, are input factors to an end product. Moreo-
ver, substitute goods affect several markets as they compete across product categories. The model, 
written in the General Algebraic Modeling Language (GAMS) (GAMS Development Corporation 
n.d.), solves a mixed integer linear programming (MILP) problem, optimizing welfare, defined as 
the sum of consumer and producer surpluses, given a large set of constraints. It gives insights into 
supply, demand, and price equilibria, making it valuable for policy and market analysis. A detailed 
description of NFSM is given in Jåstad (2020).

The NFSM is one of several descendants of the Global Trade Model (GTM), developed at 
the International Institute of Applied Systems Analysis (Kallio et al. 1987). NFSM builds on the 
Norwegian Trade Model (NTM), NTM II, and NTM III, originally developed by Trømborg and 
Solberg (1995), refined by Bolkesjø (2004), and further extended by Trømborg and Sjølie (2011). 
The model has been continuously updated, with significant contributions by Mustapha (2016) and 
Jåstad (2020), to better represent forest industries and bioenergy markets in the Nordic region.

NFSM has been used to analyze the effects of large-scale forest-based biofuel production on 
the Nordic forest sector (Jåstad et al. 2019), and the Nordic power sector (Mustapha et al. 2019). 
It has also been used to investigate the causal relationship between increased supply for bioheat 
production and electricity prices (Jåstad et al. 2021). Recently, it has been used by Hu et al. (2024) 
to assess and quantify harvest and production leakage from reduced roundwood harvest, and its 
impact on industries in the global market.
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NFSM includes the following key components:
1. Roundwood supply: Roundwood supply is modeled with six species and assortments 

(e.g., sawlogs and pulpwood from spruce, pine, and non-coniferous). Supply functions 
relate harvest to roundwood prices and accumulated forest stock, accessibility, utilization 
rates, volume elasticities, and price elasticities. The model applies historical upper and 
lower constraints to the ratio of sawlog to pulpwood supply.

2. Demand: Demand functions for final products, such as sawnwood, wood-based panels, 
and paper, are based on price elasticities. Bioheat output is exogenously set fixed to the 
current level.

3. Forest industries and bioenergy production: Roundwood and harvest residues are 
transformed into intermediate and final products. The NFSM allows for the establish-
ment or expansion of production capacities where this is socio-economically profitable. 
Production quantities are scaled and governed according to a Leontief production func-
tion, incorporating inputs of resources, labor, and energy. Labor costs are assumed to 
be static.

4. By-product supply: The supply of by-products such as bark, sawdust, shavings, and 
wood chips is determined by the production of main products such as sawnwood and 
wood-based panels. The availability of harvest residues depends on the roundwood 
supply. The price of intermediate products depends on demand for associated end 
products. This interdependence is crucial for capturing the dynamics of forest industry 
operations.

5. Trade and transport: The model simulates regional and international trade based on 
profitability. Trade volumes and clearing prices for each market are modeled based on 
demand, production, and the cost of transporting goods between regions, as first expressed 
by Samuelson (1952). The cheapest transport options between regions’ administrative 
centers, on road, rail, or seaways, are computed.

NFSM includes 37 assorted products, including seven types of primary wood, 11 types 
of intermediate products (e.g., wood chips, bark, sawdust, pulp), 14 final products (e.g., three 
grades of sawnwood, three grades of wood-based panels, four types of paper, and three types of 
bioheat), and post-consumer wood, divided into four quality fractions. The NFSM divides the 
Nordic-Baltic countries into 380 geographically separate regions. Norway is divided into 356 
regions, Sweden and Finland are each divided into 10 regions, while Denmark, Estonia, Latvia, 
and Lithuania are modeled as single regions. The “rest of the world” is divided into four regions. 
In total, the model thus operates 14 208 interconnected partial markets. This structure allows for 
a detailed analysis of trade and production within and outside the Nordic and Baltic countries, 
capturing both internal and international market flows. For more technical details, including the 
model’s objective functions and constraints, see Trømborg and Sjølie (2011), Mustapha (2016), 
and Jåstad (2020).

2.2	 Model extension

2.2.1	Generated post-consumer wood

To be able to investigate how the forest sector is affected by the transition to a circular economy, 
NFSM has been extended by incorporating reused sawnwood, remanufactured sawnwood, and 
recycled chips derived from post-consumer wood (Fig. 1). Based on specified reutilization levels, 
technical boundaries, and associated costs, the model simulates the conversion of post-consumer 
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wood to second-life products and their redistribution into the market. Supply of post-consumer 
wood is exogenously given based on official 2021 statistics, excluding wood classified as hazard-
ous waste (Statistics Norway 2024c; FAO 2025) and further distributed among regions based on 
population (Statistics Sweden 2022; Official Statistics Portal 2024a, 2024b; Statistics Denmark 
2024; Statistics Estonia 2024; Statistics Finland 2024; Statistics Norway 2024a). FAO data (FAO 
2025) were generated on generated, exported, and imported quantities of ‘recovered post-consumer 
wood’, and calibrated with Norwegian ‘wood waste’ statistics (Statistics Norway 2024c). Although 
the sources use slightly different terminology, we consistently refer to ‘post-consumer wood’ to 
emphasize that it has a potential for reutilization.

Reliable data on the drivers and distribution of wood waste generation remains scarce. Sev-
eral studies (Kaza et al. 2018; He et al. 2022; Alhanaqtah 2023) have linked the general municipal 
solid waste generation to population and GDP per capita. Preliminary investigations suggest that 
the variables ‘population’ and ‘GDP’ can be used to estimate The amount of wood waste gener-
ated in Norway. While Statistics Norway publishes raw data for municipal wood waste at the 
municipal level, sector-specific model-generated estimates are provided at the national level for all 
other sectors (Statistics Norway 2017). Due to the lack of data, this approach could not be applied 
at the municipal level in Norway or in other Nordic-Baltic regions. It was therefore decided to 
use a straightforward, transparent approach: a regional distribution of wood waste based solely on 
population. To convert from tonnes to cubic meters, we used a conversion factor of 0.41–1, based 
on Belbo and Gjølsjø (2008). Post-consumer wood per capita varies between 35 kg in Denmark 
and 146 kg in Norway (Table 1).

Fig. 1. The NFSM flow diagram illustrates how the model connects industrial technology with raw materials and pro-
duction of intermediate and end products. The red dashed frame marks the current model extension for reutilization of 
post-consumer wood.
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European countries categorize wood waste in slightly different ways (Irle et al. 2023), which 
complicates comparisons. Analysis carried out by EcoReFibre in Europe, InFutUReWood in the 
United Kingdom, and SirkTRE partners in Norway show that a fourth of generated wood waste 
was classified as wood packaging, another fourth as untreated solid wood, and less than a tenth as 
MDF or non-wood (Harte et al. 2020; Irle et al. 2023; Gedde et al. 2025) (Table 2). Höglmeier et 
al. (2017) estimated that 25 percent of the post-consumer wood from the Bavarian construction 
sector could potentially be reused, while 44 percent could be utilized for particleboards. It should 
be noted that Nordic countries seem to be structurally different from other European countries, as 
a large share of the dwellings are made of wood (Lähtinen et al. 2021), and that the production 
of wood-based panels is modest (Vis et al. 2016). The Nordic construction sector accounts for a 
much larger share of total wood waste compared to the European average (Vis et al. 2016), which 
contributes to a higher share of untreated solid wood (Gedde et al. 2025).

Table 1. Generated and exported amounts of post-consumer wood by country/region.

Country/Region Population Post-consumer wood
Capita* Generated** Net exports** Per capita***

Baltics 6 054 032 519 512 m3 0 m3 35 kg
Denmark 5 840 045 390 244 m3 –53 974 m3 27 kg
Finland 5 548 241 1 345 580 m3 –434 338 m3 99 kg
Norway 5 391 369 1 917 073 m3 1 142 732 m3 146 kg
Sweden 10 452 326 2 736 756 m3 –1 168 065 m3 107 kg

* Sources: Statistics Estonia (2024), Official Statistics Portal (2024a), Official Statistics Portal (2024b), 
Statistics Denmark (2024), Statistics Finland (2024), Statistics Norway (2024a), Statistics Sweden (2022)

** Sources: FAO (2025), Statistics Norway (2024c). Converted from tonnes (Mg) to cubic meters (m3) per 
a conversion factor of 0.41–1 in accordance with Belbo and Gjølsjø (2008). Net exports as specified in the 
baseline scenario (0)

*** Generated quantities by capita converted to kilograms (kg)

Table 2. Compilation of various analyses of post-consumer wood.

Post-consumer wood 
fraction

SirkTRE – Norway,
Gedde et al. (2025)*

InFutUReWood – the United Kingdom,
Harte et al. (2020)

EcoReFibre – unspecified, 
Europe,
Irle et al. (2023)

Solid wood 29% wood packaging
26% untreated
13% treated

27%** packaging waste
31% clean wood
42% treated wood

59% solid wood

Wood-based panels 7% untreated
13% treated

12% chipboard
6% MDF
7% plywood
3% OSB

33% panel products
4% fiberboard

Furniture, etc. 6% furniture and doors 3%** community wood recycling
Contaminated and 
misplaced

5% contaminated and misplaced
1% non-wood

4% non-wood

* Scaled by sectors based on Statistics Norway (2024c)
** Double-counting due to a) 27 percent of post-consumer wood originates from packaging waste, and b) 3 percent of post-consumer 

wood is redistributed through community wood recycling as furniture etc.
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2.2.2	Connecting quality fractions and reutilization options

Based on given claims and delimitations (Table 3) we make three key assumptions when modeling 
the reutilization options for post-consumer wood:

1. Medium-density fiberboard (MDF), misplaced non-wood, and surface peeling from treated 
wood cannot be reutilized and must thus be incinerated for bioheat.

2. The majority of wood packaging and solid, untreated wood can potentially be reused or 
remanufactured.

3. Everything else can potentially be converted to recycled chips suited for use in the core 
layer of particleboards, with an upper limit of 50 percent of the total feedstock.

By combining these three key assumptions with insights from analyses of the composition of 
discarded wood (Table 2), post-consumer wood is modeled as four separate quality fractions with 
differentiated technical boundaries for reutilization: ‘reusable’ (25 percent), ‘remanufacturable’ 
(15 percent), ‘recyclable’ (50 percent), and ‘incinerable’ (10 percent). Four different technologies 
able to treat one or more of these quality fractions are defined: ‘reuse center’, ‘assembly line for 

Table 3. Claims and own assumptions about the technical options for reutilization of post-consumer wood listed with 
associated sources.

Claims Associated sources

Policy instruments that stimulate value chains that collect, repair, 
and redistribute obsolete wooden pallets and cable drums can 
unleash a great potential for reuse and remanufacture.

(Gedde et al. 2025)

Whole lengths of structural wood can be dismantled and reused. (Sakaguchi et al. 2016; Whittaker et al. 2021)
(Harte et al. 2020; Llana et al. 2020)

A lack of automated grading standards for reused structural wood 
has been identified as a limiting factor.

(Husgafvel et al. 2018; Harte et al. 2020)

A pioneering Norwegian standard for visual grading has recently 
been published.

(Standard Norge 2025)

Structural wood could be planed, sanded, sliced, and utilized for 
cross-laminated timber (CLT).

(Irle et al. 2015; Irle et al. 2019; Harte et al. 
2020)

Strength testing experiments have investigated the limits of reuse. (Llana et al. 2022; Carrasco et al. 2023; Dong 
et al. 2024)

Finger-jointed post-consumer sawnwood could potentially achieve 
strength classes of C18 and C24, approved for general construc-
tion, but this requires careful pre-sorting and laborious work to 
remove metal.

(Stolze et al. 2023)

Sorting machines, connecting high-speed assembly lines and 
advanced sensor technology can effectively reject impurities, clean, 
dry, and sort chipped post-consumer wood by species and qualities.

(Mancini et al. 2018; Friedrich et al. 2022; 
Lima et al. 2022; Irle et al. 2023; Konstanti-
nidis et al. 2023; Mancini et al. 2024)

If allocated to the core layer of a particleboard, at least up to 50 
percent of the fresh wood chips could be replaced with recycled 
chips, which is also reflected in current practice in Europe.

(Azambuja et al. 2018; Faraca et al. 2019a; 
Döring et al. 2021; Niemz and Sandberg 2022; 
Nguyen et al. 2023)

Technology able to recycle and reutilize wood fibers for medi-
um-density fiberboard (MDF) is available.

(Lubis et al. 2018; Hong et al. 2020)

MDF constitutes less than a tenth of both consumed wood products 
and generated post-consumer wood in the Nordic-Baltic area.

(FAO 2025)

The model may be adjusted with respect to two pragmatic simplifi-
cations not expected to significantly affect the results:
•	 Recycling of MDF fibers has a modest impact on Nordic-

Baltic reutilization and can thus be omitted.
•	 Reused and remanufactured pallets, cable drums, etc. can be 

included in the existing product categories for reused and 
remanufactured sawnwood.

Own assumptions
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remanufacture’, ‘woodchipper’, and ‘high-tech sorting machine’ (Fig. 1). These technologies are 
able to return four different products to the market: ‘reused sawnwood’, ‘remanufactured sawn-
wood’, ‘recycled chips’, and ‘bioenergy chips’.

In accordance with current practice, a woodchipper may chip any quality fraction to pro-
duce bioenergy chips only suited for bioenergy production: local heat, district heat, and combined 
heat and power (CHP). While the incinerable fraction is predetermined to be incinerated for 
energy, the model has the flexibility to reutilize all other quality fractions for one or two optional 
second-life products. The reusable, remanufacturable, and recyclable fractions may be sent to a 
‘high-tech sorting machine’ able to convert them to recycled chips suited for use in the core layer 
of particleboards. The reusable fraction may be sent to a ‘reuse center’ and converted to reused 
sawnwood. If processed by an ‘assembly line for remanufacture’, the remanufacturable fraction 
may be converted to remanufactured sawnwood.

This model setup is adapted to the influential 10R framework presented by Potting et al. 
(2017), where lower R numbers take precedence over higher R numbers to express the ideal cas-
cading order. The second-life products incorporated in this model are thus ranked in the order: R3 
(Re-use: ‘reused sawnwood’), R6 (Remanufacture: ‘remanufactured sawnwood’), R8 (Recycle: 
‘recycled chips’), and R9 (Recover: ‘bioenergy chips’). In accordance with the EU’s recycling 
policies, we do not count R9 as reutilization as this implies incineration with energy recovery. 
Table 4 and Fig. 2 give an overview of the connections between technologies, compliant fractions, 
processes, second-life products, R number, and applicable use.

After deducing a 20 percent shrinkage from the remanufacturing process, the model assumes 
a technical reutilization potential of 87 percent for unsorted post-consumer wood, which is consist-
ent with estimates from Miljødirektoratet (the Norwegian Environmental Agency) (2021), claiming 
that 90 percent could be reutilized for particleboards.

For a country to meet its reutilization target, the specified proportion of post-consumer wood 
must be domestically refined to either reused sawnwood, remanufactured sawnwood, or recycled 
chips, but may be consumed anywhere within the Nordic-Baltic region. Quality fractions emerg-
ing from post-consumer wood may be transported separately for treatment at any location with 
compliant technology. The model determines endogenously which quality fractions are transported 
where, and how much is converted to which product, based on a reutilization-rate constraint and 
welfare maximization. The model uses the following order of decision:

Table 4. Connections between technologies, compliant post-consumer wood quality fractions, processes, second-life 
products, and applicable use.

Technology Compliant quality  
fractions

Processes Second-life product Applicable use

Reuse center Reusable Cleaning,
heating,
repairing,
removing fasteners.

Reused sawnwood
(R3)

Same as fresh sawn-
wood

Assembly line for 
remanufacture

Remanufacturable Screening,
cutting,
finger-jointing,
planing.

Remanufactured 
sawnwood
(R6)

Same as fresh sawn-
wood

High-tech sorting 
machines

Reusable
Remanufacturable
Recyclable

Sorting and cleaning pre-
chipped post-consumer 
wood

Recycled chips
(R8)

Core layer of particle-
boards (max 50%)

Woodchipper Reusable
Remanufacturable
Recyclable
Incinerable

Chipping of unsorted post-
consumer wood

Bioenergy chips
(R9)

Bioenergy (local heat, 
district heat, and com-
bined heat and power 
(CHP))
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(1) The reusable fraction is either
a. converted to reused sawnwood, or
b. transported to another region with compliant technology, or
c. added to the recyclable fraction

(2) The remanufacturable fraction is either
a. converted to remanufactured sawnwood, or
b. transported to another region with compliant technology, or
c. added to the recyclable fraction

(3) The recyclable fraction is either
a. converted to recycled chips, or
b. transported to another region with compliant technology, or
c. added to the incinerable fraction

(4) The incinerable fraction shall be converted to bioenergy chips.

When reutilization targets are imposed, some regions will optimize cascading by following 
the R hierarchy to the letter (B), while regions facing more extensive reutilization costs will con-
tinue with the current standard, converting all fractions to bioenergy chips (A) (Fig. 2). However, 
many regions will operate somewhere between these two corner solutions (C).

2.2.3	Constrained welfare maximization

The crucial cost assumptions used in modeling of the reutilization options described in section 
2.2.2 can be summarized as follows:

•	 Remanufactured sawnwood: 2 hours of labor cost per cubic meter (m3). Calibrated so 
that remanufacture remains unprofitable until all reuse options are exhausted.

•	 Reused sawnwood: 0.5 hours of labor cost per cubic meter (m3). Calibrated to be unprof-
itable unless policy changes are implemented to incentivize reuse.

•	 Particleboard: Cost and consumption assumed to be identical for particleboards contain-
ing recycled chips and those made entirely from fresh wood. Calibrated to be unprofitable 
without policy changes. A maximum of 50 percent of particleboard production at any 
given location can be sourced from recycled chips.

•	 Energy: Cost and consumption assumptions are identical to comparable products from 
fresh wood. Costs are calibrated to ensure that historical amounts of post-consumer 
wood are consumed before policy changes are introduced. Total energy consumption 
remains constant, implying that if the post-consumer wood supply decreases, other 
woody biomass categories must compensate for the shortfall.

Transport costs are a critical factor in determining how much post-consumer wood is treated 
where it is generated, and how much is refined by another region. Post-consumer wood, reused 
sawnwood, and remanufactured sawnwood have equivalent transport costs to fresh sawnwood from 
spruce, while bioenergy chips and recycled chips have the same transport costs as fresh wood chips. 
The cost functions for reutilization are primarily designed to ensure a plausible market mechanism 
where the least expensive reutilization occurs first. Variable reutilization costs depend on labor 
costs that differ from country to country. The model allows for capacity expansions simply based 
on variable costs. To maximize welfare, given that the reutilization target is achieved, the model 
simultaneously considers net costs of each reutilization option, related transport costs, end-prices, 
and the subsequent impacts on all other partial markets.
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2.3	 Policy scenarios

In the baseline scenario, Norway exports 60 percent of its post-consumer wood to Sweden, where 
it is utilized for district heating and combined heat and power (CHP). Finland and Denmark also 
import post-consumer wood from the rest of the world, about half as much as Sweden in total. 
Official Nordic and Baltic data on the proportion of recovered post-consumer wood are incom-
plete. Recently updated 2021 data for Norway indicates that two fifths of the post-consumer 
wood was “sent to recycling” (Statistics Norway 2024b), which includes volumes rejected and 
discarded in the recycling processes. To our knowledge, these fractions are typically exported as 
wood waste and recycled in countries outside our specified model area. The internal recycling 
rate is unknown but assumed to be negligible. In the baseline scenario, we thus assume zero reu-
tilization in the Nordic-Baltic region as all post-consumer wood is either utilized for bioenergy 
or exported abroad.

Since other materials seem even more challenging to recycle, we argue that the wood-specific 
recycling rate should be aligned with the general level in order to meet EU’s overall recycling 
requirements, which is planned to be scaled up to between 65 and 70 percent for all sectors by 
2035. We thus include three reutilization levels: 30, 50, and 70 percent of domestically generated 
convertible post-consumer wood, by weight. The model thus forces each country to reutilize the 
specified proportion. The ‘incinerable’ fraction predefined to end up as ‘bioenergy chips (uncon-
vertible)’ is omitted when calculating the level of achievement. These reutilization levels are 
first imposed on Norway alone, referred to as unilateral policy, then on the entire modeling area, 
referred to as multilateral policy. In total, six different hypothetical policies are compared with 
the baseline scenario. Defined policy codes (Table 5) are frequently used to refer to each distinct 
scenario in the results chapter.

Even though NFSM would otherwise have been well suited for dynamic time-series analysis, 
due to considerable uncertainty about the development of policy incentives, costs, and technology 
related to reutilization of wood, it was decided to run the model in “shock effect mode”. Hypotheti-
cal single-year results for the specified reutilization levels are thus compared with the baseline 
scenario based on available consistent 2021 data.

Table 5. Assigned policy codes related to given reutilization levels and policy 
alternatives.

Policy codes Reutilization level (%) Policy alternatives

0 0 Baseline
U30 30 Unilateral

(Norway)U50 50
U70 70
M30 30 Multilateral

(Nordic-Baltic countries)M50 50
M70 70
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3	 Results

3.1	 Unilateral policies

When Norway sets unilateral reutilization targets, the export of post-consumer wood is reduced 
from initially 60 percent of what is domestically generated, constituting 1.1 million cubic meters, 
to either 36 (U30), 25 (U50), or 5 percent (U70). The export of unrefined post-consumer wood 
is replaced by nearly identical export volumes of recycled chips (Fig. 4), foremost utilized in 
Swedish and Baltic particleboard production. While the Norwegian particleboard price is nearly 
unaffected, the Baltic price is reduced by 4 percent in U70. The total Nordic-Baltic particleboard 
production of 3.4 million cubic meters in the baseline scenario increases by 13 (U30), 18 (U50), 
or 17 percent (U70). A summary of the production volumes of particleboards and other product 
categories is provided in Table 6.

The Norwegian production of bioenergy chips falls from initially 40 percent of domestic 
post-consumer wood, equivalent to 0.8 million cubic meters, to 37 (U30), 30 (U50), or 32 percent 
(U70). The reduction roughly corresponds to the increased conversion to reused and remanufactured 
sawnwood. Unlike other Nordic and Baltic countries, Norway has not developed supply chains for 
harvest residues, and according to the model results, this resource remains untapped for all scenarios. 
When access to bioenergy chips depreciates, the use of fresh wood chips is increased to maintain 
Norwegian bioheat production at the fixed level. Average prices of fresh wood chips increase in 
Norway by 2 percent (U30), 4 percent (U50), or 8 percent (U70), whereas the effect on wood chip 
prices abroad is negligible. As Norwegian reutilization policy reduces export of post-consumer 
wood to Sweden first, this primarily reduces the supply of bioenergy chips in Sweden. The result-
ing bioheat loss, equivalent to between 1.0 and 1.4 TWh, is fully covered through increased use 
of harvest residues. Norwegian bioheat producers, on the other hand, replace their corresponding 
energy loss of between 0.1 and 0.4 TWh with increased use of fresh wood chips.

While Norwegian production volumes of fresh sawnwood, initially at 3.3 million cubic 
meters, are barely affected, reused and remanufactured sawnwood ensures that the total domestic 
sawnwood production increases by 2 to 5 percent. As domestic consumption is also nearly unaf-
fected, the primary effect is reduced net imports from Sweden. Due to increased availability, 
sawnwood prices have a small but consistent decline in all Nordic and Baltic countries of about 
1 percent. Domestic sawlog removals and sawlog prices are both reduced by less than 1 percent, 
while the increase in domestic pulpwood removals and prices is negligible. In response to Nor-
wegian reutilization policies, the Swedish sawlog harvest is reduced by about 0.1 to 0.2 million 
cubic meters, approximately two to four times the corresponding volume reduction in Norway. In 
comparison, the Nordic-Baltic use of harvest residues increases by 0.7 (U30), 0.8 (U50), or 1.5 
million solid cubic meters (U70). Due to these spillover and leakage effects, unilateral reutilization 
policies have a negligible impact on Norwegian wood harvest. For every cubic meter of reutilized 
wood, Norway reduces roundwood removals by as little as 0.05 (U30), 0.05 (U50), or 0.03 cubic 
meters (U70), whereas rates including effects in all Nordic-Baltic countries are 0.31 (U30), 0.19 
(U50), or 0.24 (U70).

3.2	 Multilateral policies

If the Nordic and Baltic countries implement harmonized wood reutilization policies, Norway’s 
net export of post-consumer wood is completely phased out when at least 50 percent of the post-
consumer wood is reutilized in all countries (Fig. 3). In Norway, which has the highest labor cost, 
recycled chips prepared for export account for 63 to 98 percent of domestic reutilization. How-
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Fig. 3. The stacked bars illustrate the distribution of the aggregate end-use of post-consumer wood in Norway for the 
different scenarios, displayed in millions of solid cubic meters and percentage of total.

Fig. 4. The stacked bars illustrate the distribution of the aggregate end-use of post-consumer wood in the Nordic-Baltic 
countries for the different scenarios, displayed in millions of solid cubic meters and percentage of total.
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ever, the trend in all other Nordic-Baltic countries is that reused and remanufactured sawnwood 
accounts for about half (Fig. 4). A summary of production volumes of all product categories is 
provided in Table 6.

Stepwise, Lithuania (M30), Estonia (M50), then Sweden and Denmark (M70) leverage the 
influx of recycled chips and consequently double their particleboard production. At M70 Norwe-
gian particleboard production also increases by 15 percent. Simultaneously, a minor particleboard 
production of 0.1 million cubic meters in Finland (M50) and a major one in Latvia (M70), con-
stituting 0.9 million cubic meters, is shut down. In total, Nordic-Baltic production increases by 
21 (M30), 25 (M50), or 23 percent (M70). The overall trend is that Norway, Sweden, and Finland 
export recycled chips to Lithuania and Estonia: 1.2 (M30), 1.3 (M50), or 1.7 million cubic meters 
(M70). Particleboard prices are reduced by up to 3 percent in most countries, and by 3 to 7 percent 
in the Baltic countries.

Similarly to the unilateral scenarios, Norwegian bioheat producers replace bioenergy chips 
with fresh wood chips produced from pulpwood, and from by-production in sawmills. However, 
bioheat producers across the Nordic-Baltic market are increasing their output from harvest residues 

Table 6. Produced volumes in thousands of solid cubic meters (bioenergy output is given in GWh) and percentage 
change relative to the baseline scenario (0) in parentheses.

  Norway

 0 U30 U50 U70 M30 M50 M70

Post-consumer 
wood

1917 1917
-

1917
-

1917
-

1917
-

1917
-

1917
-

Sawlogs 6782 6739
(–0.6%)

6739
(–0.6%)

6719
(–0.9%)

6570
(–3.1%)

6469
(–4.6%)

6430
(–5.2%)

Pulpwood 6971 6987
(0.2%)

6986
(0.2%)

6994
(0.3%)

6996
(0.4%)

6998
(0.4%)

7015
(0.6%)

Harvest residues 0 0
-

0
-

0
-

0
-

0
-

0
-

Dust 308 308
(0.0%)

308
(0.0%)

308
(0.0%)

310
(0.7%)

308
(0.0%)

308
(0.0%)

Bark 1679 1675
(–0.2%)

1656
(–1.4%)

1678
(–0.1%)

1637
(–2.5%)

1569
(–6.6%)

1616
(–3.8%)

Shavings 17 17
(–0.2%)

16
(–2.5%)

17
(–0.2%)

16
(–5.5%)

15
(–12.3%)

17
(1.2%)

Pellets 87 87
(–0.4%)

49
(–44.4%)

87
(–0.6%)

87
(0.0%)

49
(–44.4%)

49
(–44.4%)

Fresh wood chips 1266 1272
(0.5%)

1273
(0.6%)

1273
(0.6%)

1268
(0.2%)

1270
(0.4%)

1273
(0.6%)

Recycled chips 0 452
-

684
-

1041
-

505
-

765
-

786
-

Bioenergy chips 774 709
(–8.4%)

571
(–26.3%)

607
(–21.6%)

762
(–1.6%)

1054
(36.2%)

709
(–8.4%)

Bioenergy (GWh) 7 7
-

7
-

7
-

7
-

7
-

7
-

Fresh sawnwood 3311 3305
(–0.2%)

3296
(–0.4%)

3306
(–0.1%)

3171
(–3.9%)

2999
(–9.4%)

3168
(–4.3%)

Reused sawnwood 0 65
-

132
-

163
-

13
-

97
-

358
-

Remanufactured 
sawnwood

0 0
-

47
-

4
-

0
-

0
-

64
-

Particleboards 405 405
(0.0%)

445
(9.7%)

405
(0.0%)

418
(3.1%)

405
(0.0%)

464
(14.6%)

Plywood 0 0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

0
(0.0%)

Fiberboards 170 170
(0.0%)

170
(0.0%)

170
(0.0%)

170
(0.0%)

170
(0.0%)

170
(0.0%)
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by 6 (M30), 9 (M50), or 12 TWh (M70) to replace bioenergy chips equivalent to 5 (M30), 7 (M50), 
or 10 TWh (M70), in addition to some fresh chips and bark. At M70 Sweden almost doubles the 
use of harvest residues, from a baseline of 2.6 to 5.1 million cubic meters, while Finland increases 
its use by a fourth, from 3.6 to 4.5 million cubic meters. The overall Nordic-Baltic utilization of 
harvest residues increases, from initially 14.0 million cubic meters, by 17 (M30), 24 (M50), or 
30 percent (M70).

Like in the unilateral scenarios, reused and remanufactured sawnwood roughly replace the 
reduced production of fresh sawnwood in the Nordic-Baltic market, corresponding to 2 (M30), 3 
(M50), or 5 percent (M70) of the initial sawnwood supply of 44 million cubic meters. Except for 
Denmark, which heavily depends on imported sawnwood, we see the same pattern of substitution 
across the Nordic-Baltic countries. Norwegian production of fresh sawnwood rebound from a 9 
percent decrease (M50) to a 4 percent decrease (M70), in contrast to all other countries where pro-
duction strictly declines as reutilization increases. This rebound resembles the mentioned increase 
in domestic particleboard production, contributing to a distinctive price “jump” for Norwegian fresh 

Table 6 continued.

  NORDICS/BALTICS

 0 U30 U50 U70 M30 M50 M70

Post-consumer 
wood

6909 6909
-

6909
-

6909
-

6909
-

6909
-

6909
-

Sawlogs 84 921 84 630
(–0.3%)

84 700
(–0.3%)

84 529
(–0.5%)

83 662
(–1.5%)

82 898
(–2.4%)

81 511
(–4.0%)

Pulpwood 122 804 122 891
(0.1%)

122 859
(0.0%)

122 865
(0.1%)

123 153
(0.3%)

123 153
(0.3%)

122 800
(0.0%)

Harvest residues 14 021 14 763
(5.3%)

14 806
(5.6%)

15 500
(10.5%)

16 397
(16.9%)

17 320
(23.5%)

18 208
(29.9%)

Dust 11 350 11 310
(–0.4%)

11 320
(–0.3%)

11 295
(–0.5%)

11 185
(–1.5%)

11 090
(–2.3%)

10 884
(–4.1%)

Bark 30 186 30 140
(–0.2%)

30 130
(–0.2%)

30 113
(–0.2%)

29 985
(–0.7%)

29 802
(–1.3%)

29 477
(–2.3%)

Shavings 3000 2989
(–0.4%)

2992
(–0.3%)

2984
(–0.5%)

2958
(–1.4%)

2938
(–2.1%)

2872
(–4.3%)

Pellets 6919 6919
(0.0%)

6880
(–0.6%)

6936
(0.2%)

6913
(–0.1%)

6877
(–0.6%)

6871
(–0.7%)

Fresh wood chips 40 616 40 623
(0.0%)

40 623
(0.0%)

40 623
(0.0%)

40 618
(0.0%)

40 621
(0.0%)

40 623
(0.0%)

Recycled chips 0 452
-

684
-

1041
-

1266
-

1950
-

2511
-

Bioenergy chips 7360 6694
(–9.1%)

6501
(–11.7%)

6004
(–18.4%)

5212
(–29.2%)

4057
(–44.9%)

2710
(–63.2%)

Bioenergy (GWh) 116 116
-

116
-

116
-

116
-

116
-

116
-

Reused sawnwood 1 206
-

133
-

303
-

874
-

1181
-

1544
-

Remanufactured 
sawnwood

61 71
-

105
-

75
-

72
-

234
-

657
-

Fresh sawnwood 43 653 43 495
(–0.4%)

43 532
(–0.3%)

43 441
(–0.5%)

42 959
(–1.6%)

42 530
(–2.6%)

41 797
(–4.3%)

Particleboards 3363 3782
(12.5%)

3966
(18.0%)

3916
(16.5%)

4056
(20.6%)

4189
(24.6%)

4142
(23.2%)

Plywood 1831 1831
(0.0%)

1831
(0.0%)

1831
(0.0%)

1831
(0.0%)

1831
(0.0%)

1831
(0.0%)

Fiberboards 366 366
(0.0%)

366
(0.0%)

366
(0.0%)

366
(0.0%)

366
(0.0%)

366
(0.0%)
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wood chips, from a 1 percent increase (M50) to a 5 percent increase (M70). Increasing reutiliza-
tion rates result in strict price declines for sawnwood, from 3 to 8 percent in all Nordic and Baltic 
countries, where sawnwood of pine is more affected than sawnwood of spruce.

We see a consistent reduction in sawlog harvest in all Nordic-Baltic countries by 2 (M30), 
2 (M50), or 4 percent (M70) from initially 85 million cubic meters. There is a corresponding 
price reduction for sawlogs from 1 to 7 percent, particularly harming Norwegian sawlogs from 
pine. Pulpwood harvest increases in insignificant proportions, while pulpwood prices increase 
by up to 2 percent. Like in the unilateral policy alternatives, Sweden and Finland have the larg-
est sawlog reductions, in terms of volumes, followed by Norway and the Baltics. Compared to 
unilateral reutilization policies, the Nordic-Baltic sawlog harvest is reduced by two to six times 
more with multilateral policies while the increased utilization of harvest residues is two to five 
times greater.

For every cubic meter of reutilized wood, Norway reduces roundwood removals by 0.36 
(M30), 0.33 (M50), or 0.26 cubic meters (M70) (Fig. 5). The corresponding impact rates in the 
overall Nordic-Baltic area are greater and increase when the reutilization rate increases: 0.42 
(M30), 0.50 (M50), or 0.73 (M70). For every cubic meter of reutilized wood in the aggregate 
Nordic-Baltic area, the use of harvest residues increases by 1.11 (M30), 1.00 (M50), or 0.90 cubic 
meters (M70).

Fig. 5. The chart shows the relative reduction in logging compared to the baseline scenario (0). The 
reduction rate specifies the number of cubic meters of reduced roundwood harvest per cubic meter of 
reutilized post-consumer wood for each scenario, for Norway and the Nordic-Baltic area (including 
Norway), respectively.
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4	 Discussion

4.1	 Interpretation of results

The interconnected effects of a) increasing supply of reused and remanufactured sawnwood, b) 
increasing supply of recycled chips, and c) decreasing supply of bioenergy chips, simultaneously 
push and pull in different directions. Distinguishing between the distinct causal relations is thus 
complicated. However, an economic theory-based analysis can help us separate and evaluate the 
major effects on roundwood harvest:

a) Increased supply of reused and remanufactured sawnwood reduces demand for fresh 
sawnwood, which also reduces the by-production of fresh wood chips, sawdust, and 
bark, and eventually the demand for sawlogs.

b) Increased supply of recycled chips increases particleboard production yet reduces the 
input from fresh wood chips. Reduced use of fresh wood chips affects the demand for 
wood chips emerging from both chipped pulpwood and by-production of sawnwood. 
Thus, an increased supply of recycled chips is expected to contribute to reduced demand 
for both pulpwood and sawlogs.

c) Decreased supply of bioenergy chips leads to increased demand for all wood-based sub-
stitutes suited for bioheat production: harvest residues, fresh wood chips, sawdust, bark, 
and pellets. Increased demand for such substitutes is partly covered by pulpwood-based 
production, sawlog-based by-production, and harvest residues, respectively.

By evaluating the results (Table 6), we can conclude that the increased demand for pulpwood 
resulting from c) roughly offsets the reduced demand for pulpwood caused by b). However, the 
reduced demand for fresh sawlogs caused by a) and b) outweighs the opposite effect from c). As 
the processing of sawlogs is reduced, the by-production of fresh wood chips, sawdust, bark, and 
pellets is reduced consequently. Reduced roundwood harvests also cause reduced availability of 
harvest residues. However, as most harvest residues are currently left unutilized at the logging site, 
the increased demand for them is, as expected, met with relatively few constraints.

The results show that a Norwegian unilateral reutilization target is an inefficient instrument 
for achieving reduced domestic roundwood harvest. Due to leakage effects, between 83 and 88 
percent of the reduced roundwood harvest is allocated to foreign regions. Between 56 and 79 
percent of the reduction is allocated to Sweden, and between 18 and 29 percent to Finland, while 
the Baltics tend to increase roundwood harvest. It should be noted that the NFSM is regularly 
calibrated against empirical data, and that its leakage effects have been shown to be consistent 
with findings from studies using other forest sector models. Market efficiency and high leakage 
effects are two sides of the same coin, signaling that a relatively transparent market with relatively 
homogeneous products, relatively low transport costs, and manageable trade barriers in general, like 
the Nordic-Baltic market for forest products, efficiently distribute goods from low-price markets 
to high-price markets. However, one should be cautious about drawing general conclusions based 
on a special case such as Norway.

There are several conditions that can help explain why Norway’s forest sector responds 
differently from other Nordic-Baltic countries. High labor costs result in high production and 
reutilization costs. Demanding topography, fragmented and unevenly distributed forest areas, and 
scattered settlements yield high transport costs, and excessive costs for extraction of roundwood 
and harvest residues. Large hydropower resources have kept Norwegian electricity costs remarkably 
low compared to the rest of Europe and thus limited the demand for alternative energy sources. 
Thus, although Norway generates more post-consumer wood per capita, other Nordic and Baltic 
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countries produce five to ten times as much forest-based district heat. This explains why harvest 
residues are left unutilized at domestic logging sites and why major proportions of Norwegian 
post-consumer wood are exported to Swedish bioheat plants. Moreover, most of the Norwegian 
forest resources are in regions without coastlines, but with road connections to a dominant Swedish 
wood industry, while exports to other countries depend almost entirely on shipping. Therefore, the 
Norwegian forest sector is particularly interlinked with the Swedish forest sector.

In the baseline scenario (0), Norway exports 1.1 million cubic meters of post-consumer 
wood, corresponding to one-eighth of the total Nordic-Baltic volume, to meet the driving demand 
from Swedish bioheat producers. Both unilateral and multilateral policies lead to a strict decline 
in these exports as reutilization levels increase. Simultaneously, Norwegian exports of recycled 
chips are increasing by almost identical volumes. This shift profoundly disrupts the Nordic-Baltic 
forest value chains in two ways. Increased availability of recycled chips promotes increased par-
ticleboard production primarily in Sweden or Lithuania, depending on policy alternative, while 
reduced availability of bioenergy chips promotes increased use of harvest residues in Sweden, 
Finland, and the Baltics.

Another key factor is understanding how relative cost changes can affect the comparative 
advantage of regions and thereby trigger chain reactions or reach tipping points that result in 
unforeseen or counterintuitive effects. When moving from M50 to M70, 0.9 million cubic meters 
of particleboard production based on fresh wood chips is shut down in Latvia, counteracted by 
a production increase of 0.6 million cubic meters in Sweden, 0.2 million cubic meters in Den-
mark, and less than 0.1 million cubic meters in Norway, stimulated by a concurrent increase 
in production of recycled chips of 0.6 million cubic meters in Sweden and 0.3 million cubic 
meters in Finland. In the same interval, Norway’s bioheat producers incinerate 0.2 million cubic 
meters more of fresh wood chips in contrast to all other countries that increase their utilization 
of harvest residues. The Norwegian average price of fresh wood chips thus leaps from a 1 to a 
5 percent increase. In forest-rich regions in Central Norway where the price is initially low and 
the increased incineration of fresh wood chips for bioheat occurs, this price effect is more pro-
nounced. As increased wood chip prices increase the net sawmilling revenues, ceteris paribus, the 
production of fresh sawnwood also increases by substantial volumes in Central Norway. In the 
same interval, moving from M50 to M70, Finland, Sweden, and Norway increase their reuse and 
remanufacture of sawnwood by a total of 1.0 million cubic meters. The total Norwegian supply 
of freshly produced, reused, and remanufactured sawnwood thus shifts from a 7 percent decline 
to an 8 percent increase. As domestic consumption is stable, Norway reduces its net import of 
sawnwood from Sweden by 0.4 million cubic meters. Swedish sawnwood production declines 
accordingly, while sawlog harvest is reduced by 0.6 million cubic meters, and pulpwood harvest 
is increased by 0.2 million cubic meters.

This walkthrough attempts to make counterintuitive results more credible, while demonstrat-
ing how the model integrates different components of economic theory. First, it features a long 
chain reaction launched by increased reutilization which reduces the supply of bioenergy chips and 
thus increases the demand for fresh wood chips in Norway. Thus, the wood chip price increases 
and further stimulates domestic sawnwood production, and consequently the sawlog harvest. 
Second, it shows that particleboard producers are exposed to tipping points, where the production 
either shuts down when the end-price is too low to ensure profitability, or it doubles to increase 
profits when the supply of recycled chips shifts to a certain point. Although we expect similar tip-
ping point mechanisms in the real world, one should interpret such sudden momentous changes 
with caution. Third, it shows that the model allows for efficient cross-border trade responses, yet 
neighboring regions are more exposed to each other. Fourth, when changes in relative income 
between Norwegian and Swedish sawmills cause the relative production ratio of sawnwood to 
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shift, this demonstrates how the model incorporates the fundamental connection between trade 
and comparative advantages. Last, it shows how the lack of domestic incentives to utilize harvest 
residues is key to understanding why Norway’s unilateral reutilization policies primarily lead to 
reduced sawlog harvest in Sweden.

While the NFSM’s objective is to maximize social welfare within the forest sector, forcing 
reutilization that is initially unprofitable necessarily leads to reduced welfare estimates. The results 
show a decline in the overall Nordic-Baltic welfare of between 0.0001 and 0.0008 percent for all 
reutilization scenarios except M70 which has an associated decline of 0.0021 percent. Besides that, 
the measured welfare effects are negligible; there are at least two reasons why these should not be 
emphasized. First, the real cost of reutilization of wood is associated with great uncertainty. The 
model’s cost functions are thus pragmatically designed to ensure a plausible distribution between 
the different reutilization alternatives, as explained in section 2.2. Second, even though the Nordic-
Baltic market’s willingness to pay for reutilized post-consumer wood apparently does not cover 
the associated costs, it is hasty to conclude that increased reutilization reduces social welfare. The 
implementation of the EU’s Green Deal is justified precisely by the necessity to correct the market 
failure from lacking valuation of ecosystems, sustainable use of resources, and human health 
(European Commission 2019). Incorporating adequate mechanisms into the NFSM to correct these 
deficient valuations is unfortunately far beyond the scope of this study.

4.2	 Modeling choices

Depending on the policy alternative, the generated post-consumer wood is distributed and converted 
to reused sawnwood, remanufactured sawnwood, recycled chips, and bioenergy chips (Fig. 3, 
Fig. 4). This relative distribution is essentially a product of the modeling choices made, depend-
ing on highly uncertain reutilization costs, and should therefore be subject to critical evaluation. 
Recycled chips consistently make up most of the total reutilization, reused sawnwood makes up 
a larger share than remanufactured sawnwood, and that all end products in the Nordic region 
strictly increase when reutilization rates increase (Fig. 4, Table 6). The distribution also reflects the 
assumed potential, complexity, and maturity of the related technologies. The underlying assump-
tion that economic incentives pull in the direction of post-consumer wood first being converted 
to recycled chips, then reused sawnwood, then remanufactured sawnwood is supported by our 
knowledge about European wood reutilization to date. Particleboard production in West Germany 
utilized recycled chips four decades ago (Kramer et al. 1985), and this is by far the most common 
reutilization method in Europe today (Vis et al. 2016; Cristóbal García et al. 2023). Although we 
have evident examples of how wood materials can be reused in practice (Pettersen 2005), the 
commercial supply of reused sawnwood is still limited to smaller enterprises in the start-up phase. 
Several prototypes for remanufactured sawnwood exist (Irle et al. 2015, 2019; Stolze et al. 2023), 
but to our knowledge, there are no commercial suppliers today.

In contrast to basic economic theory where negative shifts in supply are associated with 
reduced consumption, the model assumes that bioheat production from woody biomass will be 
maintained at a fixed level even if the supply of bioenergy chips is reduced. Moreover, bioheat 
from several alternative waste types can replace bioheat from wood. However, the district heating 
plants are generally built and adapted for incineration of given waste categories. Once a district 
heating plant has been built, heat production is assumed to primarily depend on the production 
capacity and exogenously given variables such as electricity price and outdoor temperature. If 
we assume that bioheat production from woody biomass will be reduced when reutilization of 
post-consumer wood increases, this will generally weaken the model’s effects, but primarily the 
utilization of harvest residues.
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Even if all other Nordic and Baltic countries substantially increase the utilization of har-
vest residues when wood reutilization increases, Norwegian harvest residues remain unexploited. 
Several studies have estimated that Norway’s available harvest residues could annually produce 
between 5 and 10 TWh of bioheat (Bergseng et al. 2012, 2013), which would roughly double 
today’s forest-based bioheat production. Historically, low electricity prices have favored heat 
pumps (Mustapha et al. 2019) and thus reduced the demand for bioheat in Norway (Trømborg et 
al. 2011). As mentioned, Norway has distinctive cost drivers for utilization of harvest residues 
related to topography, distance to forest roads, and labor costs. Due to the lack of data the modeled 
Norwegian cost curve for utilization of harvest residues may be overestimated. If it turns out that 
increased reutilization of wood will trigger actual development of such value chains in Norway, we 
can expect the domestic impacts to be more similar to the model estimates for the other countries.

The NFSM assumes competitive markets across borders where producers disregard price 
effects from changing investment costs and production levels. Even if this simplification seems 
rather consistent with the relatively uniform nature of Nordic and Baltic wood products markets, 
the model may underplay local preferences and market variations, and thus overestimate leakage 
effects. Hu et al. (2024) recently used the NFSM to estimate the leakage effects from single Nordic 
countries and found leakage rates for roundwood within the range of 59 to 106 percent, where more 
than 70 percent of the leakage was absorbed by non-Nordic countries. The advantage of using a 
model with global coverage is that leakage effects towards regions outside the Nordic or European 
countries can be estimated. There is, however, a trade-off between coverage and accuracy in local 
analysis. The current model version requires that the Nordic-Baltic import and export volumes 
to the rest of the world are fixed to the 2021 level, and related leakage effects are consequently 
excluded from this study. By using the EFI-GTM, Kallio et al. (2018) and Päivinen et al. (2022) 
estimated leakage rates for roundwood to the rest of the world at 79 and 64 percent respectively 
as a response to reduced harvest in Europe. Schier et al. (2022) used the Global Forest Products 
Model (GFPM) and found that increased protection of European forests resulted in roundwood 
leakage rates of 50 or 63 percent depending on scenario. Based on these external estimates, large 
proportions of the change in production and harvest would have been absorbed by the rest of the 
world, if export and import rates had been flexible. Thus, current results most likely overestimate 
the Nordic-Baltic increase in particleboard production, increased use of harvest residues, and 
reduced sawlog harvest. As recycled chips are dedicated to the Nordic-Baltic particleboard produc-
tion, which is also exposed to decisive tipping point mechanisms, this production increase may 
be particularly overestimated.

As mentioned in section 2.3, to avoid several uncertainties related to reutilization alternatives, 
it was decided to run the model in “shock effect mode” to produce hypothetical single-year results 
rather than making a dynamic time series forecast. As policy and technology developments are 
identified as sources of considerable and accelerating uncertainty in a five- to twenty-year perspec-
tive, comparing a hypothetical single-year scenario with a base year, was expected to provide more 
accurate and relevant information. A dynamic forecast, on the other hand, would have provided 
some supplementary insights about temporal allocations of production and harvest. As the effect 
of climate action critically depends on temporal allocation, it would be particularly appropriate to 
run a dynamic forecast when studying the carbon effects from reutilization of wood. The accuracy 
of a dynamic forecast would furthermore improve from better knowledge about how to estimate 
future quantities and quality distribution of post-consumer wood, as a predefinition of these values 
is required.

The model ignores the need for policy instruments to achieve reutilization targets. In reality, 
measures may be required to overcome several important barriers. Developing applicable product 
standards is vital to ensure that consumers and companies have confidence that it is safe to build 
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with reused and remanufactured sawnwood (Harte et al. 2020). To utilize the post-consumer wood 
at its highest potential quality level, it may be necessary to carefully dismantle buildings rather than 
demolish, and to improve sorting at the source of waste (Altgen et al. 2025; Gedde et al. 2025). 
However, the main challenge is to ensure that the willingness to pay for reutilized wood products 
covers the related costs (Vis et al. 2016; Harte et al. 2020). Some stakeholders may be convinced 
to pay a premium for reutilized wood, for instance to achieve a supreme BREEAM certification 
(n.d.). However, to sufficiently strengthen the demand side, a broader requirement for the inclu-
sion of reutilized materials in new construction projects is needed. Introducing requirements for 
a minimum content of recycled chips in particleboards would have an immediate effect. Alterna-
tively, a subsidy on either the demand side or the supply side would help develop the market for 
reutilized wood. For instance, support for new technology and development of new value chains 
could direct investments into reuse, remanufacture, and recycling capacities. Governments could 
try encouraging cooperation between stakeholders to avoid conflicting interests and reduce uncer-
tainty. A key point is that the Government, one way or another, contributes to reducing the risk of 
investments in reutilization of wood. A country that takes the lead may benefit from developing 
domestic value chains for wood reutilization on its own terms, which in turn may create favorable 
path dependencies.

5	 Conclusions

We estimate that multilateral wood reutilization policies in the Nordic-Baltic area would prevent 
the harvest of 0.42 to 0.73 cubic meters of roundwood for every cubic meter of reutilized wood, 
and correspondingly 0.26 to 0.36 in Norway. Due to leakage effects, foremost towards Sweden, 
unilateral Norwegian policies would be less efficient and domestically save as little as 0.03 to 0.05 
cubic meters of roundwood per cubic meter of reutilized wood, and between 0.19 and 0.34 in the 
aggregate Nordic-Baltic area. Unilateral reutilization policies provide noticeable harvest reductions 
if effects abroad are recognized. However, if the policy objective is to reduce domestic harvest, it 
is crucial to coordinate reutilization policies with adjacent countries. Under multilateral policies, 
we estimate that the utilization of harvest residues increases between 0.90 and 1.11 cubic meters 
for every cubic meter reutilized. A holistic policy framework should therefore also consider the 
climate and ecosystem effects from leaving less harvest residues at logging sites.

As trade in the Nordic-Baltic forest sector is highly integrated, we see a wide range of 
spillover effects between countries when implementing wood reutilization policies. Forest sector 
stakeholders in nonadjacent countries can be substantially affected by a single country’s intervention 
through extensive leakage effects and complex chain reactions. Particleboard production, which is 
dominated by a few large manufacturers, seems particularly sensitive to tipping point effects that 
may accelerate this market concentration. The results imply that, regardless of whether unilateral or 
multilateral wood reutilization policies are adopted, Norway’s low-hanging fruit is to prepare recy-
cled chips for particleboards while reducing its extensive export of unrefined post-consumer wood 
to Swedish bioheat producers. A rapid scale-up of the supply of recycled chips strongly promotes 
particleboard production in the Baltics or Sweden. The Nordic-Baltic particleboard production 
increases by 13 to 18 percent in response to unilateral Norwegian reutilization policies, and by 21 
to 25 percent in response to multilateral policies. As a result of reduced access to bioenergy chips, 
Sweden and Finland in particular substantially increase their utilization of available harvest resi-
dues to maintain bioheat production at fixed levels. Measured in solid cubic meters, the combined 
Nordic and Baltic use of harvest residues increases by one to five times the reduction in roundwood 
removals, depending on the policy option imposed. In response to unilateral Norwegian policies, 
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the aggregate utilization of harvest residues increases by 5 to 11 percent, while it increases by 17 
to 30 percent in response to multilateral Nordic-Baltic policies.

This study highlights the need for more comprehensive data on available volumes and quali-
ties of post-consumer wood, as well as the cost of reutilization and investment costs of required 
technologies. Future research should furthermore explore the environmental impacts of wood 
reutilization, such as production and transportation emissions, biomass substitution in district 
heating, and reduced logging. Additionally, policy measures should consider both supply- and 
demand-side interventions, such as subsidies and mandatory recycling content, to accelerate the 
transition to a circular forest bioeconomy.
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