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Keywords: Forest-based carbon sequestration plays an important role in climate mitigation, yet strategies vary widely in
Carbon cost effectiveness and cost. This study compares two optimization goals in the Nordic forest sector, maximizing
MAC

carbon in harvested wood products (HWP) and in avoided forest harvest plus HWPs. A partial equilibrium forest
sector model (NFSM), combined with the method of Modeling to Generate Alternatives (MGA), is used to assess
trade-offs between economic outcomes and carbon storage goals. Marginal abatement cost (MAC) curves are
indirectly derived from the results. The analysis shows that maximizing avoided harvest and HWP achieves
higher CO: gains at substantially lower costs (about €15-463/tCO2) compared to only maximizing HWP (about
€44-1200/tCO>). In addition, the results reveal that carbon-focused strategies reshape industrial and trade dy-
namics in opposing ways. Bioeconomy-oriented approaches drive production and exports at higher carbon costs,
while conservation-focused strategies reduce harvests and raise the risk of market leakage. These findings
highlight the need for integrated policies that reduce reliance on product-based carbon storage while

Forest sector modeling
Harvested wood product (HWP)
Model-to-generate-alternatives (MGA)

strengthening forest-based sequestration and storage.

1. Introduction

The Nordic forest sector is undergoing a challenging transition as it
faces growing expectations to simultaneously supply renewable raw
materials and economic value while also acting as a carbon sink to
mitigate climate change (European Commission, 2021; Nordic Council
of Ministers, 2023; UNECE, 2011). In response, policy debates reveal
two increasingly divergent strategies for managing these competing
demands. On the one hand, European and Nordic forest policies promote
a bioeconomy-oriented approach, encouraging active forest manage-
ment to supply renewable materials, bioenergy, and biochemicals
(Hetemaki and Kangas, 2022; Widmark et al., 2020). This strategy em-
phasizes fossil substitution while supporting industrial growth. On the
other hand, conservation-oriented strategies highlight the role of forests
as long-term carbon sinks through reduced harvesting, extended rota-
tion periods, and protection of high-carbon stock forests (Chiti et al.,
2024; Framstad et al., 2013; Lundmark et al., 2018; Makela et al., 2023).
These approaches caution against over-reliance on substitution effects,
pointing to delayed carbon payback, potential carbon debt, and risks to
biodiversity and ecosystem resilience under intensive forest use
(Bentsen, 2017; Holtsmark, 2012; Soimakallio et al., 2022). Trade-offs
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are especially evident when balancing these conflicting objectives in
the Nordic countries (Hynynen et al., 2025), especially with their well-
developed forest-based bioeconomy and policy-emphasized climate
neutrality goals (European Commission, 2023; Nordic Council of Min-
isters, 2023).

Within this context, forests and harvested wood products (HWPs)
offer complementary but competing carbon functions. Forests accumu-
late CO: in standing biomass and soils, whereas HWPs extend storage
after harvest, particularly through long-lived products like construction
materials. Shorter-lived products, such as paper, provide less durable
storage (IPCC, 2006). HWPs may also deliver substitution benefits
(Howard et al., 2021; Leskinen et al., 2018; Myllyviita et al., 2021),
though their effectiveness depends on sustained harvest and production,
raising concerns about biodiversity and long-term resilience (Favero
etal., 2020). The fundamental policy challenge is therefore not simply to
maximize one carbon pool, but to evaluate the relative costs, benefits,
and trade-offs between these two mitigation pathways.

A key tool for addressing such trade-offs in climate economics is the
marginal abatement cost curve (MAC), which measures the additional
cost of reducing or storing one more ton of CO-. Initially developed in
the energy and industrial sectors (Huang et al., 2016), MACs have since
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been applied to land use and forestry, reflecting the growing recognition
of forests as cost-competitive mitigation options (Kindermann et al.,
2008; Strengers et al., 2008). Empirical work confirms that forest-based
sequestration often compares favorably with energy-sector mitigation.
For example, Liu et al. (2022) find afforestation in Taiwan costs $35-65/
tCO2, and Deng et al. (2022) show forest management responds strongly
to carbon prices. These benchmarks underscore the importance of
accurately estimating carbon storage costs when designing forest-sector
policies. MACs in forestry have been represented through various
valuation metrics—market carbon prices (e.g., EU ETS at ~€65/tCO2),
social cost of carbon (mean ~ $55/tCOz; Wang et al., 2019), and shadow
prices from forest optimization models (Sohngen and Mendelsohn,
2003). However, estimates vary widely, often due to differences in
scope, assumptions, and methods (Richards and Stokes, 2004a, 2004b;
Honkomp and Schier, 2023). This variation highlights the need for
modeling frameworks that explicitly trace how harvest, product flows,
and market dynamics interact to shape carbon outcomes, rather than
treating sequestration in forests or HWPs as exogenous inputs.

Traditional forest sector models such as FASOM (Adams et al., 1996),
GTM (Sohngen et al., 1999), and NFSM (Jastad, 2020; Mustapha, 2016)
have been widely used to analyze mitigation strategies including carbon
pricing, afforestation, and biomass supply. However, they are typically
anchored in a single-objective paradigm, maximizing welfare under
external constraints rather than directly comparing alternative carbon
allocation strategies (Favero et al., 2020; Fuller et al., 2025; Latta et al.,
2013; Sohngen and Mendelsohn, 2003). This creates a gap: near-optimal
adjustments in harvest, production, and trade that could deliver similar
welfare but very different carbon outcomes remain unexplored.
Modeling-to-Generate-Alternatives (MGA) addresses this gap by sys-
tematically exploring near-optimal solutions within a defined welfare
slack (Brill et al., 1982; Price and Keppo, 2017). Unlike exogenous
scenario analysis, MGA endogenously identifies alternative solutions,
revealing hidden trade-offs across strategies. MGA has been applied in
land-use planning, water management, and energy systems (Brill et al.,
1982; Chen et al., 2022; Mendoza, 1987; Price and Keppo, 2017; Yeo-
mans, 2019; Zhang et al., 2023; Chang et al., 1982), but not in forest
carbon mitigation. Its application here represents both a methodological
innovation and a disciplinary contribution: shifting forest economics
beyond single-optimum analysis and enabling a structured assessment of
carbon cost trade-offs between forests and HWPs.

This study applies MGA within the Nordic Forest Sector Model
(NFSM) to evaluate two contrasting carbon objectives: (1) maximizing
carbon storage in harvested wood products (Max.HWPCarbon), and (2)
maximizing total carbon retention by combining avoided harvest with
HWP storage (Max.GrossCarbon). For each objective, we generate near-
optimal strategies under varying welfare slacks and derive marginal
abatement cost curves. This allows us to situate the results within
broader carbon pricing benchmarks and provide a disciplined compar-
ison of cost-effectiveness, industrial shifts, and trade-offs between bio-
economy expansion and forest conservation. The paper makes three
contributions. First, it introduces MGA into forest sector modeling,
extending methodological practice beyond the single-optimum para-
digm. Second, it provides the first systematic comparison of cost curves
for HWP versus forest retention strategies in the Nordic context. Third, it
reframes forest carbon mitigation as a value-chain problem, linking
sequestration outcomes to industrial production and trade. Together,
these contributions place the study within the broader literature on
marginal abatement costs, forest economics, and climate policy design.

The remainder of the paper is organized as follows: Section 2 outlines
the methodology developed in this study, which includes the introduc-
tion of the model NFSM, the application of MGA into NFSM, method of
cost estimation, sensitivity analysis and assumptions and data. This is
followed by the presentation of the results (Section 3) and discussion
(Section 4) highlighting the implications of the analysis. Section 5 pro-
vides the main conclusions of the study.
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2. Methodology
2.1. Model framework

A spatial partial equilibrium forest sector model, the Nordic Forest
Sector Model (NFSM), is used in this study. It builds on the structure of
the Norwegian Trade Model (NTM) (Bolkesjo et al., 2005, 2006;
Trgmborg and Solberg, 1995; Trgmborg and Sjglie, 2011) and follows
the same core principles as the Global Trade Model (GTM) (Kallio et al.,
1987). NFSM has been applied in several recent studies to assess stra-
tegic developments in the Nordic forest sector, including the feasibility
and impacts of biofuel deployment in the Nordic region (Jastad et al.,
2019, 2020, 2021, 2023; W. F. Mustapha et al., 2017, 2019), impact of
Bio-CCS on biomass competition (Hu et al., 2023) and policy induced
market leakage (Hu et al., 2024).

2.1.1. Model structure
NFSM consists of four core components:

m Timber supply - represented by supply elasticities and changes
in growing stock.

m Industrial production - determined by input-output co-

efficients specifying raw material requirements and costs per

unit of output.

Consumer demand — modeled with regional demand profiles,

GDP-dependent demand elasticities, and product prices.

m Trade - flows are governed by spatial price equilibrium, where
interregional trade occurs until price differences equal trans-
port costs.

The main product set includes six roundwood assortments (spruce,
pine, and non-coniferous sawlogs and pulpwood), nine intermediate
products (including pulp and industrial residues), and thirteen final
products (sawnwood, board, paper grades, firewood, and energy use).

The key endogenous decision variables in NFSM are (i) harvest vol-
umes of roundwood assortments and (ii) production levels of harvested
wood products (HWPs) such as sawnwood, panels, and paper. These
outputs form the basis for the carbon accounting applied in this study.

2.1.2. Spatial coverage

The model covers Norway, Sweden, Finland, and Denmark (Fig. 1).
Norway, Sweden, and Finland are each subdivided into ten regions,
while Denmark is represented as one region due to its smaller forest
sector. The rest of the world (ROW) is represented as a single aggregate
trading partner, allowing imports and exports of raw materials, inter-
mediate products, and HWPs.

2.1.3. Equilibrium mechanism

Equilibrium is achieved by maximizing total welfare, defined as the
sum of producer and consumer surplus net of harvest, production,
transport, labor, and investment costs. At the equilibrium point,
roundwood supply, industrial production, and trade are determined
endogenously. Industrial production continues until marginal costs
equal product prices, while trade balances until price gaps equal trans-
port costs. Roundwood and residue prices reflect marginal supply costs,
while final product prices reflect marginal industrial costs under equi-
librium. The optimization problem can be solved at the smallest time
resolution allowed in the model, i.e., one year. In this study, the NFSM is
run at one base year, i.e., the year 2018. For more model assumptions
and the dataset, please refer to the Appendix of (Jastad, 2020).

2.2. Modeling-to-generate-alternatives (MGA) framework
2.2.1. Anchor solution and slack values specification

The analysis begins with an anchor solution, obtained by solving
NFSM under its original welfare-maximizing objective. This anchor de-
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Fig. 1. The spatial resolution of Nordic Forest Sector Model (NFSM), covering
Norway, Sweden, and Finland in 10 regions each and 1 region in Denmark.

fines the benchmark outcome for total welfare (Sanchor) as well as har-
vest, production, trade, and carbon levels in the base year. All alterna-
tive carbon-focused strategies are evaluated relative to this reference
point.

To explore near-optimal strategies, the Modeling-to-Generate-
Alternatives (MGA) framework is applied (Price and Keppo, 2017).
MGA relaxes the strict optimality requirement by introducing a user-
defined slack, typically expressed as a small percentage deviation from
the anchor welfare (Chang et al., 1982). The constrained welfare level
for a given slack value is:

Si = (1 —slack;) ® Sanchor

where slack; is the tolerance level applied. In this study, the slack values
varied between 0.1 % and 10 % of anchor welfare. Instead of a uniform
step size, we applied an adaptive grid that provides finer resolution at
low welfare losses, where marginal abatement costs are most sensitive,
and coarser intervals at higher slack levels. This approach balances
numerical tractability with policy relevance, ensuring detailed repre-
sentation of the low-slack region while avoiding excessive computation
in ranges where welfare losses become less credible. If a run became
infeasible before 10 %, the analysis was limited to the last feasible slack
level.

2.2.2. Carbon optimization objectives

Two alternative carbon objectives are introduced to capture con-
trasting forest-based mitigation strategies. The rationale for defining
both objectives is that forests and harvested wood products (HWPs)
represent distinct but complementary carbon pools, and the trade-offs
between them are central to climate policy and forest economics.
Because the forest stock is far larger than the HWP pool, optimizing
absolute levels would trivially favor forest retention. Instead, both
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objectives are formulated in incremental terms relative to the welfare-
maximizing anchor, so that only carbon changes attributable to the
modeled strategy are credited.

e Max.HWPCarbon (bioeconomy-oriented strategy): rewards addi-
tional carbon stored in long-lived wood products weighted by
product half-lives.

e Max.GrossCarbon (conservation-oriented strategy): combines these
HWP gains with additional standing forest stock preserved through
reduced harvest.

This design ensures comparability across strategies and reveals the
trade-off between continued industrial use and forest retention under a
common welfare slack. The mathematical expressions are detailed
below.

2.2.3. Max.HWPCarbon

For each HWP product hwp, NFSM outputs the endogenous annual
production level @y, which is treated as the inflow into the HWP
carbon pool. HWP stocks are calculated using first-order decay with
product-specific half-lives HLy,,p:

In2

L _ <
hwp HLhwp

The steady-state stock supported by production ¢,,,, (is)

= hwp

Qobjl (pth*kc
hwp L
hwp

Where ky,,, is the carbon content factor (tC per t of product, later

converted to tCO2). hwp and obj denote HWP categories and objective
functions, respectively.
The incremental HWP carbon stock relative to the anchor(is)

i __ panchor
objl A(phwp,‘.kc o (Phwp (phwp *kC

AQhwp - L hwp — L hwp
hwp ‘hwp

The objective of Max.HWPCarbon (bioeconomy-oriented strategy)
maximizes the steady-state carbon stock supported by HWP inflows.:

Max.ZAQﬁw;

hwp

2.2.4. Max.GrossCarbon

The Max.GrossCarbon objective extends the HWP-only formulation
by explicitly adding the carbon preserved in forests through avoided
harvest. In a static one-year setting, forest growth is constant across
anchor and MGA scenarios, so the relevant variation in forest carbon
arises from differences in harvest relative to the anchor. The A term in
Max.GrossCarbon represents two components: (i) additional carbon
stored in HWPs compared to the anchor, and (ii) additional standing
stock retained due to reduced harvest:

_ Aq)hWP %

bj2 *
AQ?\V\‘Jp+W - Lhwp kEwp + AHW k\c/v
i __ (panchor
- w*kiw + (H, — HIpehor) +k,
‘hwp

where Hi, — Hahr j5 the avoided harvest of roundwood in the forest (in
cubic meters), and ki, is carbon content factor convert it to tCO2. w
denotes the roundwood categories, i denotes the slack values. Here, the
two carbon pools are not independent: roundwood harvested for HWP
production cannot simultaneously contribute to standing forest carbon.
Thus, forest conservation and HWP expansion directly compete for the
same resource base, explicitly requiring the model to balance this trade-
off between conservation and production. Objective function of Max.
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GrossCarbon (conservation-oriented strategy) writes as:

bj2
M[ > Aq;:vaw}

hwp+w

2.2.5. MGA procedures
The optimization process for each slack value and carbon objective is
as follows:

1. Anchor solution: Solve NFSM with welfare maximization to deter-
mine the anchor economic welfare S,chor, and anchor carbon storage
in targeted carbon pools.

2. slack; constraint: Add S; = (1 — slack;)*Sanchor @s @ new constraint in
the model.

3. Carbon objective: Re-run the model with new objective functions to
get new carbon storage in the targeted carbon pools for the two
objective functions, respectively.

4. Iteration: Repeat steps 2 and 3 for each slack value under each
objective function.

2.3. Cost estimation

For each slack level slack;, the incremental carbon gain is estimated
as:

objl __ _ i anchor %1€
AQi = Qi - Qanchor - ((Phwp - (phwp )/LhWP7 khwp

AQ = Qi = Qunchor = (Phuup — P ) /Lo Ky + (Hly — HIZ ) 5k,
The corresponding welfare loss is:

AS?bj = S?bj - Sanchor
Average abatement cost (AC) is:

AS
AQ”

ACY =

Exponential functions are fitted to the welfare (AS?bj)—carbon (A

bej) relationship:
. \b
as? ~ae (2Q)
and analytically differentiated marginal abatement costs (MACs) is:

MAC(AQ;"’J') —aebe (AQ?bj)bil

2.4. Sensitivity analysis

To assess the robustness of the results, a set of sensitivity experiments
was carried out on four key parameters that influence carbon accounting
and market outcomes: (i) carbon content of biomass, (ii) transport costs,
and (iii) the half-life of harvested wood products. Each sensitivity case
was run with a re-computed anchor solution before applying MGA.

e Carbon content. The conversion from biomass to carbon depends on
assumptions about wood density, moisture content, and carbon
fraction. To test the influence of these assumptions, the carbon
content factor varied by +20 % across all wood product categories.
Transport costs. NFSM represents trade through a spatial price
equilibrium in which flows occur when interregional price differ-
ences equal transport costs. To capture the effect of market inte-
gration, transport costs were uniformly scaled by +20 % relative to
the baseline. The reduction reflects efficiency gains or lower fuel
costs, while the increase mimics frictions such as carbon pricing on
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freight, congestion, or import restrictions. These adjustments test
how sensitive the carbon-cost trade-offs are to assumptions about
tradability.
Half-life of wood products. The residence time of carbon in HWPs
depends on the assumed half-lives of different product categories. To
test the robustness of results to this assumption, half-lives were
uniformly varied by +25 % across products. This adjustment cap-
tures uncertainties in product use, recycling, and disposal patterns,
which directly influence the effective carbon retention in HWPs.

e Locking constraints. In addition to these parametric tests, two
structural constraints were evaluated: (i) locking net trade flows of
biomass at their baseline levels (LockTrade), and (ii) locking total
roundwood harvest at its baseline level (LockHarvest). These sce-
narios directly restrict the main adjustment channels in the model
and therefore test the sensitivity of results to rigid market or harvest
policies.

2.5. Assumptions and data

The analysis is conducted for a single representative year, 2018,
which provides the calibration point for harvest, production, and trade
levels in the Nordic forest sector. This static setup isolates immediate
allocation trade-offs between forest and harvested wood product (HWP)
carbon pools under alternative objectives, while abstracting from
intertemporal forest dynamics and long-run technological change.

Carbon accounting. Conversion of wood and wood products into
carbon storage is based on product-specific density, carbon content, and
moisture content values (Table 1). All carbon values are reported in CO2
equivalents, using a molecular weight ratio of 44.01,/12.01. Half-lives
for harvested wood products (HWPs) are drawn from IPCC guidelines
(IPCC, 2006; 2014) and recent literature, with long-lived categories such
as sawnwood and panels assigned multi-decade residence times, and
short-lived paper products assigned shorter lifespans, as shown in
Table 2.

Economic assumptions. Non-forest sector prices (e.g., labor, energy,
capital) are treated as exogenous and static. Transport costs are specified

Table 1

Biophysical parameters for carbon accounting, including density, moisture
content, and carbon content for each HWP in NFSM. (Note that when the units of
the model data are already expressed in kg/m?, the density factor is effectively
normalized to 1.)

Category  Products density  carbon moisture
content% content%
Spruce Sawlogs 450 48 % 40 %
Pine Sawlogs 450 48 % 40 %
Spruce Pulpwood 352 48 % 40 %
Pine Pulpwood 352 48 % 40 %
Harvest Non-Coniferous
Sawlogs 505 48 % 40 %
Non-Coniferous
Pulpwood 444 48 % 40 %
Harvesting residues 352 48 % 40 %
Spruce Sawnwood 450 48 % 40 %
Pine Sawnwood 450 48 % 40 %
Non-Coniferous
Sawnwood 505 48 % 40 %
Cross-laminated
timber 450 48 % 40 %
Particle board 306 48 % 40 %
HWP Plywood 675 48 % 40 %
Fiberboard 1 48 % 40 %
Printing and writing
paper 1 44 % 0%
Newsprint 1 48 % 0%
Linerboard 1 48 % 0%
Other paper and
paperboard 1 48 % 0%
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Table 2
Standard half-life values used in the main analysis and alternative values applied
in the sensitivity tests.

Standard half-life (yr) +25 % half-life (yr)

Sawnwood 35 44
Board 25 31
Paper 2 1.5

by product-route combinations and govern interregional trade flows
through the spatial price equilibrium mechanism. Baseline transport
cost values (prior to the £20 % variations applied in the sensitivity
analysis) are documented in the Appendix of Jastad (2020). These
values provide the reference point for our simulations, and their
robustness is subsequently tested through sensitivity analysis.

Scope and exclusions. The analysis is restricted to a static, short-term
horizon (e.g., year 2018). Substitution effects of HWPs, i.e., avoided
emissions from replacing carbon-intensive materials or energy carriers,
are excluded. These effects depend on end-use, lifetime, and consumer-
side system boundaries, which lie outside the scope of a sectoral pro-
duction model. As a result, reported outcomes reflect direct carbon
storage in forests and HWPs rather than broader lifecycle effects.

Forest Policy and Economics 179 (2025) 103619
3. Results
3.1. Cost of maximizing CO, storage in NFSM

Fig. 2 presents the total, marginal, and average abatement costs
plotted against the corresponding CO: gains for optimizing carbon
stored in harvested wood products (HWP) only (Max.HWPCarbon), and
for optimizing the net CO: gain from both uncut forest stock and HWP
pools together (Max.GrossCarbon).

The results clearly show that, for a given level of compensated wel-
fare loss (slack), the Max.GrossCarbon objective achieves greater carbon
sequestration in its targeted pool than the Max.HWPCarbon objective.
Marginal costs, derived from the fitted total cost curves, reveal a wide
disparity between the two strategies. For Max.HWPCarbon, marginal
abatement costs rise steeply, ranging from about €40 to €1200 per tCO-.
In contrast, Max.GrossCarbon achieves carbon gains at significantly
lower marginal costs, roughly €15 to €460 per tCO2, highlighting the
relative efficiency of reducing harvest and allowing forest retention.
Average abatement costs show a similar pattern. For Max.GrossCarbon,
they range from about €8 to €260 per tCO2, while for Max. HWPCarbon
they span approximately €20 to €680 per tCOs-.

The underlying economic mechanism explains these divergent cost
trajectories. Forest carbon accumulates at relatively low cost when
harvest levels are reduced, as stock accumulation provides immediate,
low-cost sequestration gains. In contrast, HWP storage is constrained by
limited product lifespans and industrial production capacities. As slack
increases, additional carbon storage must be forced into increasingly

Max.HWPCarbon e Max.GrossCarbon
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Fig. 2. The total cost, average cost, and marginal cost of maximizing CO, sequestration in the target carbon pool of Max. HWPCarbon and Max.GrossCarbon.
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shorter-lived or less efficient products, producing diminishing returns
and a steep rise in marginal costs. This trade-off underscores the struc-
tural differences between conserving standing forest carbon and relying
on product-based sequestration.

These findings carry important policy implications. Policies that rely
exclusively on boosting HWP stocks may lead to rapidly escalating costs
and declining efficiency, while forest conservation strategies, though
more cost-effective, imply substantial contractions in timber supply and
associated industrial output. The results therefore highlight the need to
design integrated carbon management strategies that balance forest
retention with sustainable wood product use, and that anticipate trade
and leakage effects across the value chain.

Despite these differences, the similarity in cost elasticity between the
two objectives suggests that both strategies exhibit comparable sensi-
tivity to changes in compensation levels. However, the substantially
lower absolute costs of maximizing the carbon storage through avoided
harvest combined with HWPs (Max.GrossCarbon) strategy make it more
attractive for policymakers aiming to maximize sequestration within
constrained budgets. Overall, these results underscore the importance of
integrated carbon management strategies that balance economic
viability with climate objectives in forest policy design.

It is important to note that the modeled carbon responses are driven
solely by adjustments in roundwood harvest and HWP production levels,
as other factors, such as forest rotation management, afforestation, or
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the substitution effects of HWPs, are not endogenously represented in
the model. While this provides a focused lens on internal sectoral trade-
offs, future work could extend the analysis to incorporate broader land-
use interactions and temporal carbon dynamics for a more compre-
hensive assessment.

3.2. Industrial and market implications

This section presents the effects of the two carbon optimization ob-
jectives, Max.HWPCarbon and Max.GrossCarbon, on roundwood har-
vest, industrial production, trade flows, and carbon storage in the Nordic
forest sector. Fig. 3 illustrates percentage changes in production and net
exports relative to their baseline (‘anchor’) values under four slack
levels: 1 %, 2 %, 3 %, and 4 %. Positive changes in % in net exports (bars
above the x-axis) indicate increased net exports, while negative values
(below the x-axis) reflect increased net imports. In cases where the
percentage change exceeds 100 %, the model indicates a transition from
a net exporter to a net importer. The results reflect how climate-oriented
strategies reshape the internal dynamics of the sector through adjust-
ments in wood supply and product output, with important implications
for both industrial and market dynamics.

Max.HWPCarbon
= Net export change ——Production and Harvest
300%
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[J) 0% _/‘/I ——
& ° w W om ™ . I I I = I
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Fig. 3. The changes in production and net export of roundwood and HWP for the slack values 1 %, 2 %, 3 % and 4 %. The results for the goal of Max. HWPCarbon and
Max.GrossCarbon are shown in the upper and lower part of the figure, respectively.
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3.2.1. Max.HWPCarbon: expanding production and trade at the expense of
forest carbon

The Max.HWPCarbon objective prioritizes carbon storage in har-
vested wood products (HWPs), encouraging increased use of long-lived
products such as sawnwood. To meet this objective, the model increases
domestic roundwood harvest, particularly of industrial sawlogs, which
rise by 40 % to 80 % across slack values. Pulpwood harvest also in-
creases, but more modestly (20 % to 40 %), due to its shorter lifespan
and lower contribution to carbon storage. This expanded harvest feeds a
significant increase in industrial production, especially for sawnwood,
which doubles or triples relative to the anchor level. Sawnwood serves
as a key lever for building the HWP carbon pool due to its long carbon
residence time. Panel and pulp production also increases, although to a
lesser extent. To support this production surge, the model increasingly
relies on sawlog imports, which grow by several hundred percent, up to
500-600 %, as the domestic supply becomes insufficient. Net exports of
sawnwood also rise sharply, reflecting a shift toward export-oriented
growth in the bioeconomy. However, this increase in imports raises
concerns about carbon leakage, as domestic gains in HWP carbon may
be offset by increased harvest pressure in exporting countries.

3.2.2. Max.GrossCarbon: forest conservation with industrial contraction
and trade shifts

The Max.GrossCarbon objective maximizes total carbon storage in
forests and HWPs, accounting for carbon losses from the harvesting of
roundwood. To achieve this, the model progressively reduces round-
wood harvest, with both sawlogs and pulpwood declining. Sawlog
harvests fall more rapidly, given their higher carbon content and larger
role in industrial emissions. By the time slack reaches 4 %, domestic
harvesting halts entirely. This sharp decline in harvest leads to a
contraction in industrial production. Sawnwood output falls steeply and
approaches zero at high slack levels, with similar trends in pulp and
panel production. The contraction reflects the model’s strong incentive
to preserve standing forest carbon stocks rather than sustain material

Forest Policy and Economics 179 (2025) 103619

output. Trade patterns adjust in response. Net exports of HWPs, partic-
ularly sawnwood, decline as production shrinks.

3.3. Implications

These findings illustrate how different climate objectives translate
into fundamentally different industrial and trade structures. The strat-
egy of maximizing stored carbon in HWP supports an expansion of the
forest economy, increasing domestic processing and exports while
risking higher marginal costs and forest carbon losses. By contrast, the
strategy of maximizing stored carbon in forests and HWP prioritizes
forest conservation, drastically reducing the domestic wood supply and
potentially creating risks of market leakage through increased raw ma-
terial imports. These outcomes underscore the importance of aligning
forest mitigation goals with industrial and trade policies to avoid un-
intended displacement effects and ensure long-term sustainability. More
broadly, they demonstrate that carbon allocation strategies cannot be
assessed in isolation from the forest value chain, since choices about
sequestration directly reshape production structures, trade patterns, and
sectoral competitiveness. In this sense, the results confirm the study’s
contribution of reframing forest-based mitigation as a value-chain
problem, linking climate objectives with industrial and market
dynamics.

3.4. Sensitivity analysis results

Fig. 4 and Fig. 5 compare total abatement costs across the base case
and sensitivity runs. The results show that imposing constraints on
either trade or harvest substantially increases the total cost of carbon
storage, with the harvest cap producing the strongest effect. Among the
tested model parameters, carbon content shows the most visible impact
on estimated costs, with higher carbon content lowering estimated costs
as expected.

The cost impact of harvest caps is particularly significant under the
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Fig. 4. Total abatement costs in the baseline and structural sensitivity scenarios. Results are shown for the base case, a locked trade scenario (LockTrade), and a
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(£20 %), transport costs (—20 %, +20 %), and half-life of harvested wood products (£25 %).

Max.HWPCarbon objective. When domestic harvests are restricted, the
model loses its main lever for expanding long-lived wood product
output, forcing reliance on imports or lower-productivity processes and
leading to sharply rising abatement costs. The Max.GrossCarbon objec-
tive shows much lower sensitivity to such constraints, since reduced
harvesting is already part of its optimal strategy.

4. Discussion
4.1. Comparing modeled abatement costs with literature benchmarks

The marginal abatement costs (MACs) estimated in this study fall
within the broad range reported in the forest economics and climate
mitigation literature, but also highlight important distinctions between
carbon storage strategies. In particular, the results underscore the cost-
efficiency of forest-based carbon retention compared to harvested wood
product (HWP) sequestration under current model assumptions.

The marginal costs of storing carbon by maximizing net forest stock
and wood products (Max.GrossCarbon) range from roughly €15 to €460
per tCO2, whereas strategies focused solely on increasing carbon in
harvested wood products (Max.HWPCarbon) are significantly more
expensive, with marginal costs rising from about €40 up to €1200 per
tCO2. These findings are broadly consistent with other forest-sector
modeling studies. For example, Honkomp and Schier (2023) review
average annual carbon prices in forest-sector models and find a very
wide span—from about $1 to nearly $6000 per tCO>—though most fall
below $100. Similarly, Richards and Stokes (2004a, 2004b) report
marginal costs between $0 and $50 per tCO:z depending on region and
methodology. Sohngen and Mendelsohn (2003) estimate long-run
marginal prices of $60-190 per tCO: in dynamic models, while Sedjo
et al. (2001) derive comparable values from global supply curves. Our
modeled costs for Max.GrossCarbon align with the lower to mid-range of

these estimates, while those for Max.HWPCarbon fall toward the upper
end, particularly at higher slack levels where diminishing returns
dominate. Other empirical studies reinforce this contrast. Liu et al.
(2022) report afforestation costs in Taiwan of about $35-65 per tCO»,
within the range of our Max.GrossCarbon estimates and lower than
many energy-sector mitigation options. Similarly, Deng et al. (2022)
show that forest management strategies are more responsive to carbon
prices than to timber prices, highlighting the potential for low-cost
mitigation via harvest reductions—a dynamic reflected in the rela-
tively flat cost trajectory of Max.GrossCarbon in our study.

Benchmark values from markets and regulatory frameworks provide
further comparison. The EU ETS, for instance, reported an average
allowance price of about €65 per tCO: in 2024 (Trading Economics,
2024). The lower range of our modeled Max.GrossCarbon costs falls
below this benchmark, suggesting conservation-based strategies could
be cost-competitive if bio-carbon is credited on par with fossil carbon.
By contrast, much of the Max.HWPCarbon curve lies above this bench-
mark, suggesting limited feasibility without subsidies or structural
changes in HWP markets. The social cost of carbon (SCC) has a mean
value near $55 per tCO2, though estimates range from negative values to
over $2000 depending on assumptions (Wang et al., 2019). Again, Max.
GrossCarbon compares favorably to this reference, while Max.
HWPCarbon would exceed the SCC under most cases. Finally, opportu-
nity cost-based estimates, such as REDD+ case studies (Ndjondo et al.,
2014; Bousfield et al., 2022), place compensation needs for logging re-
ductions at about $5-25 per tCO2. Our lower-bound Max.GrossCarbon
estimate is close to this range, showing consistency with known
benchmarks for forest protection payments in tropical contexts.

The comparison suggests that the Max.GrossCarbon strategy, which
relies on reduced harvesting and forest carbon accumulation, can ach-
ieve substantial CO2 gains at costs that are competitive with other
mitigation sectors and policy benchmarks. By contrast, the Max.
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HWPCarbon strategy, while aligned with bioeconomy expansion goals,
exhibits rapidly increasing marginal costs and limited cost-effectiveness
at higher levels of sequestration. These findings underscore the impor-
tance of prioritizing cost-effective mitigation strategies and suggest that
approaches centered on forest conservation and material efficiency may
deliver greater climate benefits per euro invested, offering a more effi-
cient use of resources in forest-based carbon policy. They also highlight
the utility of MACs as a decision-support tool when comparing forest-
sector mitigation options to broader energy and land-use strategies,
while the scope of these studies, encompassing methodologies, models
employed, geographic focus, mitigation options considered, and cost
types, may complicate the comparison.

Together, the cost results suggest that forest-based strategies can
provide carbon benefits more cost-effectively. However, such strategies
pose challenges for the economic performance of the Nordic forest in-
dustries. To address this, future bioeconomy policies should emphasize
innovation and value creation, recognizing that the interdependence
between climate change mitigation and other value-added actions, such
as ecosystem service-based economic opportunities (e.g., eco-tourism) is
important (Luhas et al., 2021). Adopting an integrated, landscape-level
perspective is essential for balancing environmental objectives with
economic resilience.

4.2. Balancing forest carbon storage and wood use in climate mitigation

The results of this study illustrate the trade-offs involved in allo-
cating forest resources between carbon sequestration in standing
biomass and carbon storage or substitution benefits through harvested
wood products. While the modeled outcomes suggest that, under certain
assumptions, wood use is a more costly mitigation option than forest
carbon storage, recent empirical findings by Soimakallio et al. (2021)
further emphasize the risks of intensified harvesting. Their study finds
that in Finland, higher harvest levels almost certainly increased net GHG
emissions, largely due to diminished forest carbon sinks and elevated
biogenic emissions, which were not fully compensated by fossil fuel
substitution. Reversing such outcomes would require a greater share of
long-lived wood products, implementation of bioenergy with carbon
capture and storage (BECCS), and a minimization of forest carbon losses.
These results highlight the importance of full-system carbon accounting
and suggest that forest-based mitigation strategies should prioritize
preserving carbon stocks unless enabling conditions for net climate
benefits from wood use are clearly met.

As the green transition accelerates and the global economy expands,
the demand for wood-based products is expected to grow significantly
(Held et al., 2022). This trend makes increased forest harvesting, both
domestically and internationally, likely unavoidable. However, this
study highlights the high marginal cost associated with strategies that
focus solely on increasing carbon storage in harvested wood products
(HWP). Under such approaches, intensive harvesting may lead to
diminishing carbon returns, higher economic costs, and negative envi-
ronmental side effects. In this context, sustainable harvesting practices,
such as selective logging instead of clear-cutting, warrant greater
attention. These methods have been shown to support soil recovery,
reduce carbon emissions, and preserve biodiversity (Ahtikoski et al.,
2022; Ding et al., 2017; Reader, 1987; Wu et al., 2011). Moreover,
enhancing the material efficiency of forest resource use should be
prioritized. Strategies such as cascading use, where wood is used
sequentially for different purposes before energy recovery, and recy-
cling, can significantly increase the carbon and economic value derived
from each unit of harvested wood (Jarre et al., 2019; Tanguay et al.,
2021).

4.3. Limitations and further research needs

This study provides an exploratory assessment of carbon sequestra-
tion trade-offs in the Nordic forest sector using a partial equilibrium
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forest sector model coupled with Modeling to Generate Alternatives
(MGA). While the results yield important insights into mitigation cost
structures and industrial impacts, several limitations should be
acknowledged.

The carbon response is modeled for a single year without inter-
temporal dynamics, and the substitution effect of harvested wood
products (HWPs) is not included. Research shows that the timeframe is
critical when comparing the climate benefit of forest sinks versus HWP-
related substitution (Schulte et al., 2022). In the short to medium term,
conserving forest carbon typically provides greater mitigation, even
under high substitution assumptions. Over longer horizons (30-100+
years), however, cumulative substitution benefits may outweigh forest
carbon losses, provided substitution factors remain constant. Yet this
assumption is increasingly questioned. Brunet-Navarro et al. (2021)
projected that substitution benefits could decline by 33 % by 2030 and
up to 96 % by 2100, in line with global decarbonization trajectories. As
renewable energy and low-carbon construction alternatives expand, the
marginal displacement value of wood products may diminish substan-
tially. By not accounting for intertemporal forest dynamics, product
decay, and time-varying substitution effects, this study cannot fully
capture evolving trade-offs between conservation and material use.
Future research should therefore extend the framework to a dynamic,
multi-period model that tracks forest growth, product decay, and sub-
stitution benefits over time, with substitution factors allowed to change
alongside technological progress and decarbonization pathways. This
corrective step would address the static bias and enable more realistic,
policy-relevant assessments of long-term trade-offs.

This study applies an established modeling technique (MGA) in a
new context to explore carbon sequestration costs across forest and
product pools. While the approach is technique-driven, the aim has been
to highlight practical implications for incentive design in the Nordic
forest sector. The study does not invent a new method but contributes by
linking an existing approach to policy-relevant questions. The future
research could embed such modeling approaches more explicitly in
problem-driven policy settings, for example by tailoring the objective
function or scenario design to directly support ongoing national carbon
accounting debates, EU-level reporting mandates, or incentive program
design. Additionally, the MGA method, while effective for exploring the
near-optimal solution space, does not provide probabilistic uncertainty
estimates or account for endogenous technological change. The choice
of slack values, while methodologically justified, remains arbitrary to
some extent and should be interpreted as a tool for exploring trade-off
boundaries, rather than suggesting policy prescriptions. Complemen-
tary methods such as stochastic optimization or probabilistic uncer-
tainty analysis could be integrated to address uncertainty and
technological change more comprehensively.

The forest sector model assumes perfect foresight and equilibrium,
abstracting from shocks and behavioral responses. Future extensions
could incorporate bounded rationality, policy shocks, or disequilibrium
dynamics, either through coupling with dynamic stochastic models or
through scenario analysis that relaxes the equilibrium assumption.
Similarly, the treatment of imports could be improved by explicitly
modeling substitutability between domestic and imported biomass,
thereby reducing the risk of overstated trade responses.

Lastly, extreme results under the maximizing the gross carbon stor-
age (Max.GrossCarbon) strategy, such as a five- to six-fold increase in
roundwood imports and near-zero domestic harvest at high slack values,
are unrealistic. Nevertheless, they serve to illustrate the model’s internal
logic under purely carbon-driven optimization, operating within the
structural constraints and assumptions of the framework. The main
reason for these outcomes is that the model does not incorporate sus-
tainability boundaries, such as limits on harvest increases or import
volumes, which would normally be applied to ensure ecological or
operational credibility. However, this omission is intentional, as the aim
of the study is not to simulate feasible policy scenarios, but to theoret-
ically explore the trade-offs of aggressive carbon prioritization under
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existing system boundaries. This approach limits the realism of the
sequestration pathway and reinforces that the results should be inter-
preted as upper-bound cost indicators rather than direct policy pre-
scriptions. The extreme trade shifts and harvest collapses highlight
potential points of friction between ambitious climate objectives and
current market structures, rather than suggesting such outcomes are
likely or desirable. Likewise, the finding that no feasible solution is
identified beyond a 4 % reduction in total under the Max.GrossCarbon
strategy reveals that extreme carbon prioritization becomes structurally
incompatible with economic viability beyond a certain threshold, a
critical insight of the analysis. To address this, future research should
integrate ecological and operational sustainability boundaries (e.g.,
harvest limits, import capacity constraints) into the optimization
framework. This corrective step would avoid implausible outcomes
while preserving the value of MGA for exploring near-optimal trade-offs.

In sum, while the model provides useful stylized insights, the results
should be interpreted as indicative of structural trade-offs under
simplified assumptions, not as forecasts or precise policy guidance. To
strengthen the contribution, future research should (i) extend to multi-
period dynamic models, (ii) broaden sensitivity analyses, (iii) embed
substitution effects, and (iv) incorporate ecological and operational
constraints. These corrective measures would allow the framework to
evolve from a theoretical exploration into a more comprehensive and
policy-ready decision-support tool.

5. Conclusion

This study evaluates the cost-effectiveness and sectoral impacts of
two carbon optimization strategies in the Nordic forest sector: maxi-
mizing carbon storage in harvested wood products (HWP) and maxi-
mizing total carbon through avoided harvest in forests combined with
HWP pools. A partial equilibrium forest sector model, combined with
the Modeling to Generate Alternatives (MGA) method, is used to derive
marginal abatement cost (MAC) curves under constrained welfare loss.
This approach allows exploration of near-optimal trade-offs between
climate mitigation and economic output.

Results show that maximizing total carbon in forest and HWP pools
consistently delivers greater carbon gains at substantially lower mar-
ginal and average costs compared to the HWP-only strategy. Estimated
marginal costs for the combined carbon objective range roughly be-
tween €15 to €460 per tCO:. In contrast, the HWP-focused strategy
produces sharply rising costs, reaching up to about €1200 per tCO,
indicating limited cost-effectiveness at scale. The two strategies also
produce contrasting industrial and trade outcomes. While the HWP
strategy supports increased harvests and sawnwood exports, it increases
dependency on imported sawlogs. The forest-focused strategy depends
on sharp harvest reductions, leading to declining domestic wood pro-
duction and infeasibility beyond 4 % welfare slack. Sensitivity analysis
shows that variations in product half-lives and transport costs do not
materially alter the relative ranking of strategies. By contrast, assump-
tions about carbon content and harvest constraints exert a much stron-
ger influence on costs.

Overall, the findings suggest that forest conservation-oriented stra-
tegies are more cost-efficient for carbon sequestration than HWP-
focused approaches within the NFSM framework, though they entail
significant reductions in timber supply and industrial output. The
analysis highlights that cost-effectiveness is more sensitive to structural
assumptions about carbon content and harvest constraints than to other
parameters, a distinction relevant for future policy-oriented modeling.
Further research should extend to dynamic settings and incorporate
substitution effects to improve robustness and applicability.
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