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Abstract
Forests can contribute to climate mitigation through the use of harvested wood products (HWPs),
which provide a significant long-term source of carbon sequestration, replacement of more
emissions-intensive building materials, and the integration of forest biomass into bioenergy
systems. However, knowledge gaps remain regarding the interplay between HWP carbon flows,
traditional forest product market developments, and climate policy developments incentivizing
bioenergy and carbon sequestration in forestry at global scales. Information on the extent to which
future policy and market developments can impact global carbon fluxes in wood product pools is
needed for guiding policy design and quantifying longer-term tradeoffs between carbon stock
preservation in forests and increased carbon sequestration in wood products. This study builds on
projections from a forest model inter-comparison analysis of three global forest sector models to
estimate the potential carbon pool in HWPs across various socioeconomic scenarios and levels of
greenhouse gas (GHG) policy ambition. Further, we assess the extent to which the use of bioenergy,
paired with carbon capture and storage, can enhance this forest carbon sink. In scenarios with
higher levels of global timber production, even in scenarios with fossil-fueled economic growth, we
see an increase in carbon stored in wood products used for housing materials, lumber, pulp, and
paper products. However, climate policy stringency reduces the HWP sink, shifting C sequestration
to forests and allocating harvests to bioenergy systems. The use of carbon capture and storage
substantially increases the global HWP carbon sink. The results of this study highlight how
economic and policy factors could impact the role of global forests in climate mitigation through
carbon storage in long-lived wood products and bioenergy carbon capture and storage pools,
providing new insight to policy-makers, forest managers, and forest product manufacturers on
viable pathways to support the co-production of timber and carbon sinks.

1. Introduction

1.1. Background
Recent research highlights the importance of global
forests in supporting long-term climate mitigation

goals, and many of these studies apply partial equi-
librium or integrated assessment models [1–5]. Such
studies have focused primarily on projecting the
carbon outcomes of forest-based climate mitiga-
tion strategies such as afforestation [6–8], reduced
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deforestation [1, 9–11], forest restoration [12–14],
improved forest management [15–17], and integ-
ration of forest biomass in bioenergy systems [9,
18–20]. Biomass energy sourced from harvested
roundwood is the subject of a long-standing sci-
entific debate around the potential climate bene-
fits of this energy fuel source, but some recent
research indicates that expanded forest bioenergy
production can complement carbon sequestration
goals by driving carbon benefits of forest manage-
ment, afforestation, productivity-enhancing silvicul-
ture, and extended rotations for sawtimber/bioenergy
co-production [19, 21].

Global forests have the potential to support
climate change mitigation through the produc-
tion and use of harvested wood products (HWPs),
though HWP-based climate mitigation strategies
have received considerably less attention in sci-
entific and policy literature [22–24]. HWPs dir-
ectly sequester carbon for the lifetime of their use
[24–26], can act as a substitute for high-emission
building materials [22, 27–29], and can replace fossil
fuel energy sources with renewable forest biomass.
However, recent research suggests that the global
wood products sector produces a large annual source
of emissions [30], though the study applies account-
ing standards that are not consistent with traditional
GHG inventory and modeling methods.

There is a need to better understand the potential
role of carbon storage in wood product pools, which
can provide a significant source of long-term car-
bon and replace energy-intensive building materials
[25, 26, 31]. However, knowledge gaps remain regard-
ing the interplay between HWP carbon flows, tra-
ditional forest product market developments, and
climate policy developments incentivizing bioenergy
and carbon sequestration in forestry at global scales.
Information on the extent to which future policy
and market developments can impact global carbon
fluxes in wood product pools is needed to guide
policy design and quantify longer-term tradeoffs
between carbon stock preservation in forests and
increased carbon sequestration in wood products.
Furthermore, analysis on the regional carbon impacts
of global timber market dynamics has been lim-
ited, despite the known relationship between global
timber markets and country-level or regional policy
and economic factors [32–34]. Lastly, there is grow-
ing interest in the use of bioenergy carbon capture
and storage (BECCS), an emerging energy technology
that captures a portion of the emissions from burning
biomass for energy and stores this carbon in geolo-
gical reserves. Although the BECCS industry is still at
a nascent stage, it is rapidly growing.Given the extens-
ive literature debate around the climate costs and
benefits of bioenergy systems, it is important to con-
sider BECCS potential and how wood-based BECCS
pathways compare to alternative forest product car-
bon sinks.

This analysis directly addresses these key know-
ledge gaps and highlights potential tradeoffs between
wood product use, carbon stock preservation in
forests, and permanence risk [6, 35–37]. Given the
interconnected nature of climate policy, timber mar-
kets, and socioeconomic conditions, understanding
these factors on a global scale is needed to communic-
ate potential tradeoffs of climate policy design choices
[38, 39]. Global-scale studies show that forest car-
bon models often keep forest attributes and man-
agement constant over time, ignoring the signific-
ant carbon responses to changes in harvesting, man-
agement strategies, and natural disturbances [40].
Further, there are interactions between bioenergy cli-
mate mitigation policies in one region and forest
management objectives in another that require use of
global models that capture market and spatial inter-
actions across regions [41, 42]. Thus, it is necessary
to account for disaggregated representations of forest
types, carbon pools, management, land use, andmar-
ket interactions [20, 21, 43].

Although global models have been applied to
analyze the potential impact of market and policy
changes in isolation, a model comparison between
harmonized scenarios offers key information on
future trends, while reducing the potential bias
present in projections from any single model [44, 45].
Similar comparisons have been made in other sec-
tors, such as the agriculture model intercomparison
(Ag-MIP) [46, 47]. The Energy Modeling Forum is
a well-established network of energy and integrated
assessment models, with contributions that provide
insight into policy goals or individual energy tech-
nologies, such as bioenergy [48]. Popp et al provides
insight into energy and land sector developments
across shared socioeconomic pathway (SSP) scen-
arios, comparing results from an integrated assess-
ment model comparison [49].

Applying this approach to the forest sector,
Daigneault et al presents results from a first-of-its
kind global forest model inter-comparison project
(For-MIP), analyzing dozens of scenarios produced
from three forest sector models—the Global Timber
Model (GTM), the Global Biosphere Management
Model (GLOBIOM), and the Global Forest Products
Model (GFPM) [45]. The study scenarios reflect vari-
ations in future socioeconomic changes using the
SSPs and levels of climate policy ambition under
assumptions consistent with representative concen-
tration pathways (RCPs). The results reflect shifts in
forestmanagement and production patterns resulting
from SSP market drivers (i.e., population and GDP
growth) and climate policy assumptions (i.e., car-
bon prices and demands for bioenergy). The supply
of roundwood products was shown in this study to
increase over time with considerable variation across
scenarios, ranging from 0.5–8.0 billion m3 by the end
of the century. Furthermore, results from Daigneault
et al [45] show wide variation in the breakdown of
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production into different product pools (i.e., sawn-
wood, pulpwood, paper, and bioenergy), which can
impact the potential pool of carbon stored within
these HWP categories over time.

This analysis builds on Daigneault et al [45] to
project the regional production of wood products
and cumulative carbon storage in HWP pools across
global For-MIP pathways. Using estimated pro-
duction flows from a subset of scenarios (21 for
each model) from Daigneault et al [45], we follow
Johnston and Radeloff to project regional carbon
flows of wood products and aggregate HWP carbon
stocks, both globally and regionally (according to the
point of production) for sawnwood, paper, and panel
products over time [23]. Using a combination of SSP-
RCP scenarios, we provide an estimate of the long-
term storage potential of global wood production. For
the same scenarios, we assess how using carbon cap-
ture technology for wood bioenergy could impact the
estimated net storage potential. Finally, we discuss the
policy implications and directions for future research,
including a focus on forest carbon mitigation policy
design. Our results provide valuable insights on the
potential role of long-term wood product carbon
pools in carbon reduction mitigation scenarios.

The specific objectives of this paper are as follows.
We first quantify the potential for C storage in HWPs
between 2015 and 2065. We, then, aim to understand
the extent to which future policy, and socioeconomic
conditions could interact with the estimated size of
this C sink. We then evaluate trade-offs and synergies
between BECCS implementation and the size of the
C pool in HWPs alone. Lastly, we discuss the implic-
ations of our results for policy design, including the
potential capacity for HWPs to act as a global climate
mitigation strategy.

2. Methods

We use projected production volumes from three
widely used global forest sector models in calculat-
ing potential carbon storage in HWPs. Descriptions
of GTM, GFPM, and GLOBIOM are provided in
table S.1. We apply the same methods for all pro-
jections to estimate the cumulative carbon stock
stored in HWPs. We aggregate production volumes
into six regions: Africa, Asia, Europe, Former Soviet
Union, Latin America, North America. Our analysis
projects HWP carbon flows for a set of 21 scen-
arios for each model that vary in global socioeco-
nomic and climate policy conditions. Scenario
assumptions governing wood product demand,
growth, and climate mitigation policy incentives
align with the SSPs and the RCPs, described fur-
ther in table S.2, which also includes the explana-
tion of the baseline scenarios and certain omitted
scenarios.

To project carbon storage from HWPs, we com-
pile production outputs from each model and dis-
aggregate log production into broad categories of
forest products. The broad product categories used
are sawnwood, panel, paper, and bioenergy, all of
which have different oxidation rates and long-term
emissions footprints due to variations in lifespans and
production efficiency. The product definitions and
parameters are found in table S.3 and the product
category aggregation for each model is shown in
table S.4.

2.1. Cumulative carbon storage

Production volume data for each model are compiled
into the following six regions: Africa, Asia, Europe,
Former Soviet Union, Latin America, North America.
A map of the countries in each region is provided
in figure S.1. Lastly, the outputs are aggregated or
reduced to decadal time steps between 2015, the first
available decade in GTM and GLOBIOM, and 2065,
the last decade available in GFPM. Our final input
dataset consists of projected production volumes by
product type, region, and decade for each model.

Calculating carbon storage of HWPs depends on
characteristics of the product (p) being produced.
Each product has its own conversion rate (Convp)
which determines the proportion of the raw material
that ends up as a carbon stock.We use Convp to calcu-
late the total carbon stock over time, CStockp,t, using
equation (1). A product’s half life (HLp) is used in
equation (2) to determine the rate of decay (Decayp)
over time (t). Results from equations (1) and (2) are
used to calculate the remaining carbon stock (RCp,t)
from production each year using equation (3) below.
The cumulative sum of carbon (CumCp,t) is found
using equation 4 and consists of two parts: carbon
from new production and the sum of decayed car-
bon from previous productions. Sensitivity analyss
of cumulative carbon storage with different half life
assumptions are provided in Tables S.5- S.8 and an
analysis with different conversion rate assumptions is
shown in figure S.2.

CStockp,t = Volp,t ∗Convp (1)

Decayp =
ln(2)

HLp
(2)

RCp,t = CStockp,t=0 ∗
(
1−Decayp

)t
(3)

CumCp,t =

∑
t PVCp,t=0 ∗

(
1−Decayp

)t
, if t> 0

PVCp,t if t= 0.

(4)

It is important to note that our approach is not
entirely consistent with IPCC wood product carbon
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accounting guidelines due to inconsistencies across
models in their representation of bilateral trade and
different wood products. Specifically, our regional
wood product C results include total production of
downstream products sourced from pulpwood or
sawtimber supplies within that region. This limits
the representation of trade, but allows for consist-
ent accounting across models, recognizing inconsist-
encies in market representations (e.g., GTM does
not represent bilateral trade directly and only incor-
porates demand curves for pulpwood and sawtim-
ber, respectively, not semi-finished or final wood
products). Our simplified approach of allocating
regional HWP carbon based on regional removals is
necessary to facilitate cross model comparison.

2.2. Carbon storage through BECCS
To assess how the use of BECCS would impact the
size of the C sink related to HWPs, a set of scen-
arios adds bioenergy, excluding traditional firewood
and fuelwood, to the carbon sink from the existing
products. BECCS is assumed to capture a specific pro-
portion of emissions frombioenergy, Capturet , which
changes over time due to assumed improvements in
efficiency and changes in the proportion of biomass
allocated to BECCS systems over time relative to tra-
ditional bioenergy (which peaks at 75%), consistent
with [50]. Table 1 gives the assumed capture rates
by decade and equation (5) shows the incorpora-
tion of this capture rate in estimating BECCS storage.
The BECCS capture rate is assumed to be consistent
across regions and scenarios for simplicity. However,
these values will vary based on several factors such
as geography, tree species, policy efforts, manage-
ment, and socioeconomic trends. For this reason, a
sensitivity analysis of the capture rate is provided in
tables S.9 and S.10. Further, these calculations do
not account for the potential for bioenergy to offset
fossil fuel energy sources, which will similarly depend
on future trends of these variables. Unlike the other
HWPpools, the BECCSCpool accumulates over time
without any decay because of the capture and indefin-
ite storage of the emissions. Therefore, bioenergy pro-
duction (BioProdt) is converted to carbon (by mul-
tiplying by 0.5 for simplicity) and multiplied by the
capture rate. Given that BECCS adoption does not
expand substantially untilmid-century, we extend the
simulation period to 2105 by excluding GFPM pro-
duction projections, which only exist until 2065. We
take the average of bioenergy production to simu-
late the additional geologically-sequestered C stocks
from BECCS. We compare annual instead of cumu-
lative fluxes (with and without BECCS) to offer a dir-
ect comparison of relative fluxes with and without
additional carbon storage from BECCS systems. We
assume full permanence associatedwith BECCSpools
for our simulation time frame, and do not add addi-
tional factors to account for potential leakage effects

Table 1. Net capture rate of bioenergy emissions by decade. These
percentages represent the efficiency in capturing emissions
bioenergy production, which will depend on be heavily dependent
on uncertain factors such as technology growth, investment in
bioenergy and CCS systems, environmental effectiveness of early
BECCS adopters, and policy or socioeconomic trends.

Decade Capture

2015 0%
2025 5%
2035 5%
2045 5%
2055 15%
2065 30%
2075 60%
2085 75%
2095 75%
2105 75%

(e.g., indirect land use change impacts) as land use
competition and net GHG implications of market
and policy drivers are explicitly accounted for in our
models.

BECCSt = BioProdt ∗ 0.5 ∗CaptureRatet
+
∑
t

BECCSt−1. (5)

3. Results

3.1. Production results
Figure 1 illustrates the average estimated total pro-
duction volume across models for each feasible SSP-
RCP scenario between 2015–2065 by region. Asia is
projected to produce the highest volume, followed by
Europe and North America. In most scenarios, the
lowest production levels occur in Africa, which, on
average, accounts for only 7.5% of global production
by 2065, without accounting for biomass removals
for household consumption (e.g., charcoal produc-
tion and cookstove use). Changes in production by
region are more associated with different socioeco-
nomic conditions (SSPs), rather than climate policy
stringency (RCPs). Some scenarios indicate a signi-
ficant gap between the highest and lowest producing
countries, with significant socioeconomic growth and
increased use of renewables (i.e., SSP1 and SSP5).
Alternatively, the variation in regional production is
reducedwithmore isolationist policies, lower growth,
and inequality (i.e., SSP3 and SSP4).

Figure 2 plots average production by product
to assess how mitigation efforts and socioeconomic
conditions impact the product type composition.
Sawnwoodproducts, for example, have amuch longer
lifespan than paper, acting as a more long-term
C pool. Therefore, scenarios with a relatively high
proportion and volume of sawnwood will result in
more HWP C by the end of the simulation period.
Figure 2 indicates that trends in the HWP types
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Figure 1. Average of total production volume (Mm3/decade) over time by region for each feasible SSP-RCP combination. The
projected production values include the sum of sawnwood, panel, and paper. (AF: Africa, AS: Asia, EU: Europe, FSU: Former
Soviet Union, LA: Latin America and the Caribbean, NA: North America).

are more sensitive to mitigation policy assumptions
than to socioeconomic conditions. The baseline SSP
(i.e., RCP 8.5 or 6.0 for SSP1) scenarios have the least-
stringent climate policies, resulting in a higher pro-
portion of sawnwood and translating to a larger car-
bon sink by 2065 due to less demand for biomass.

3.2. Global HWPC stocks
Figure 3 plots the additional carbon stored in HWPs
between 2015 and 2065 by model, as well as the aver-
age across models, for each scenario. This figure illus-
trates the variation in estimates across models, and
the mean estimate. This variation is shown to be
minimal in all baseline scenarios. Alternatively, the
difference in estimates by 2065 becomes the most

apparent in RCP 1.9 scenarios. Global HWP C is
estimated to fall within the range of 6.93 GtC as
projected by GTM and 21.96 GtC by GLOBIOM
for the RCP 1.9-SSP4 scenario. This reflects dif-
ferences in response to mitigation policies in each
respective model, particularly for GLOBIOM. While
GTM focuses on intensivemargin changes to increase
sequestration in existing forests, GLOBIOM focuses
more on reallocation toward sawnwood produc-
tion and afforestation/ reforestation efforts, which
are low under high-mitigation scenarios. Further,
while GFPM and GTM project reductions in sawn-
wood production in high bioenergy demand scen-
arios, GLOBIOM assumes this to be increasing in
all scenarios due to co-production of sawtimber and
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Figure 2. Average wood production volume (Mm3/decade) over time by product type for each feasible SSP-RCP combination.
Mitigation efforts and socioeconomic conditions that change the relative supply of each product are an important factor driving
the size and the evolution of the HWP C pool due to the variation in the decay rates of different products.

residuals for bioenergy. There are also differences
in directionality between models in some scenarios,
specifically by the end of the simulation period.
Although all scenarios show a net increase in carbon
stored in HWPs, the net gains begin to steady off or
decrease because of shifts towards biomass consump-
tion (i.e., RCP 1.9 scenarios). This shift associated
with more intensive climate policy scenarios would
result in a push towards reduced-emission sources of
energy production, with bioenergy being an attractive
alternative to fossil fuels. However, this is not the case
for GLOBIOM projections, as discussed above. These
differences in model structures and assumptions, and
how they impact the estimates for HWP C, are elab-
orated on in table S.1

Figure 3 also shows the general variation in the
final carbon sink in HWP C across the different
RCP-SSP scenarios. We find that the HWP C pool
generally grows at an increasing rate between 2015
and 2065, although there are scenarios in which the
growth rate stops increasing, reflecting net emissions
from HWP decay that outweigh additional contribu-
tions to the stock from new production. Figure S.3
further illustrates the variation in the net change in
the carbon stock by plotting the difference between
each decade by scenario. Between scenarios andmod-
els, the estimated final pool of C in HWPs ranges
from 6.28 to 24.83 GtC in 2065, a difference of 18.55
GtC between the RCP 1.9-SSP2 and Baseline-SSP5
scenarios, respectively. For a more general discussion
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Figure 3. Carbon stored in HWPs (in GtC) between 2015–2065 by model and average (dashed lines) across models for each
feasible SSP-RCP scenario. The variation in projected HWP carbon stocks result from differences in modeling approach,
mitigation incentives, and socioeconomic conditions and the extent of this magnitude of this difference is driven by changes in
assumed socioeconomic and policy trajectories.

of the mechanisms behind HWP C stock differ-
ences, the remaining figures and discussions report
the average estimates across models unless otherwise
specified.

3.3. Regional HWPC
Figure 4 plots the range of projected HWP C by
region for four scenarios. The largest pools of HWP
C exist in Asia, Europe, and North America. The
highest projected levels are roughly 6.8, 5.1, and 4.0
GtC inAsia, Europe, andNorthAmerica, respectively.
On the low end, the African region achieves slightly
under 0.7GtC inHWPs in the RCP1.9-SSP4 scenario,
while the Former Soviet Union and Latin America
peak at 1.6 GtC and 3.1 GtC, respectively. These

outcomes vary depending on the environmental and
socioeconomic scenarios. Between 2015–2065, the
global HWPC sink increases by 14.2 GtC under SSP3,
which is defined by regional rivalry and lower mac-
roeconomic growth, but the scale of growth is dif-
ferent across regions. In this scenario, Latin America
accounts for 15.7% of that increase, while North
America accounts for 19.3%, reflecting a difference
of only 0.5 GtC between those regions. Alternatively,
the global change in HWP C is 15.4 GtC in the
baseline SSP4 scenario, characterized by high levels
of inequality. However, North America and Latin
America account for 20.7% and 13.9% of the global
stock change, respectively, with a larger difference
across regions of 1.1 GtC yr−1. This suggests that
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Figure 4. Range of projected C in HWPs (GtC) across models between 2015–2065 by global region. There are four scenarios
included: RCP 2.6-SSP1, RCP 4.5-SSP2, RCP 8.5-SSP3, and RCP 8.5-SSP5. The dashed lines represent the average between the
three models. This figure illustrates the large regional variations in projected HWP C storage or, alternatively, the difference in the
potential role of regions in displacing CO2 emissions through HWPs.

isolationist conditions in SSP3 are not conducive to
higher HWP production or increased global C stocks
in wood products. Although the change in HWP C
stock is higher in SSP4 than in SSP3, the relative con-
tributions to this increase are higher in regions with
high initial HWP production.

3.4. Bioenergy/BECCS storage potential
To illustrate tradeoffs between use of bioenergy and
BECCS and production of long-lived carbon pools
in panel and sawnwood, we assess production levels
of all four products (sawnwood, panel, paper, and
bioenergy). Bioenergy and sawnwood production
increases in all scenarios, but the extent of this
increase varies significantly.

Figure 5 compares the annual HWP C pools with
and without the inclusion of BECCS for each RCP
scenario interacted with SSP 1 scenario. Results show
consistent near-term HWP C sinks across most of
the chosen scenarios, but a sizable difference later
in the simulation horizon between the BECCS and
non-BECCS scenarios. This figure illustrates how the
impact of BECCS varies with mitigation stringency
due to the higher levels of renewable energy demand
and BECCS deployment in the global energy system.

Table 2 shows the annual flux (or C annual con-
tributions of HWP and BECCS) over the long-term
(average in 2105) for each scenario. The results for
the most ambitious policy scenarios illustrate the
assumed increase in bioenergy needed to achieve the
associated climate goals. The highest increases in C
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Figure 5. Gross global carbon storage change in HWPs (GtC yr−1) between 2015–2105 with (solid) and without (dashed) BECCS
storage for SSP1 (‘sustainability’) scenarios. We focus on SSP1, where we see the largest transition towards renewable energy
sources to assess how mitigation efforts impact the extent of this transition. These results for BECCS storage across all scenarios
are shown below in table 2.

storage from BECCS are shown in the RCP 1.9-SSP4
scenario, adding over 3.9 GtC yr−1 for a total of more
than 6.5 GtC yr−1. The carbon storage increase from
BECCS is impacted by the level of assumed mitiga-
tion efforts (i.e., RCP scenarios), with greater bioen-
ergy and BECCS demands with corresponding decar-
bonization levels. Under RCP 1.9, the contribution
of BECCS towards the total annual stock change is
more than double from HWPs alone, illustrating the
importance of wood allocation to BECCS systems in
providingmore permanent C storage pools relative to
traditional HWPs.

4. Conclusions

4.1. Summary
This study uses timber production projections from
three global forest sector and land use models to
assess the potential evolution of HWP C storage at
regional and global scales.We use a range of scenarios
to assess how these carbon pools could be influenced

by socioeconomic and policy conditions. Our results
provide important context for understanding the role
of forests in mitigating climate change through wood
product carbon storage. We classify HWPs into three
categories varying in lifespan to estimate cumulative
carbon storage, considering the carbon and decay of
HWPs. Finally, the potential benefits of BECCS are
assessed to contribute to the growing interest in min-
imizing the carbon impact of energy production.

This study adds to current literature onHWP car-
bon flows while focusing more intently on ex situ
flows of carbon post-harvest, differing from standard
life cycle analysis approaches [51]. Our results on the
impact of socioeconomic drivers are consistent with
previous research (e.g., Johnston and Radeloff [23];
Wade et al [4]). However, our study offers additional
insight into the effect of carbon policy drivers on
global forest production and the end use of harvested
wood in product pools. While there is growing liter-
ature around wood-based mitigation strategies (e.g.,
construction [31, 52, 53]), our results suggest that
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Table 2. Average annual C stored (GtC yr−1) across scenarios with three definitions of included carbon pools: C stored only in HWPs
(paper, panel, and sawnwood), C stored only in BECCS, and C stored in both HWPs and BECCS. The final column (%increase) gives

the additional C from BECCS (relative to only HWPs) by 2105. % Increase is found using this formula: (Both−HWP)
HWP

∗ 100. These results
highlight the nuanced reality of the interactions between the production of bioenergy and other harvested wood products. There are not
always trade-offs involved. In some scenarios (e.g., Baseline-SSP5, RCP 4.5-SSP5) there is a clear trend of low levels of BECCS storage
due to a large proportion of harvests going to traditional HWPs. However, some of the scenarios with the highest levels of combined C
by 2105, such as RCP 1.9-SSP2, indicate a synergy with joint production with final C pools up to 5.3 and 6.5 GtC, respectively.

Scenario HWP BECCS Both % Increase

Baseline-SSP1 3.1 0.6 3.7 18.0%
Baseline-SSP2 2.8 0.7 3.5 26.9%
Baseline-SSP3 2.5 2.6 5.1 103.0%
Baseline-SSP4 2.6 2.0 4.6 78.0%
Baseline-SSP5 3.5 0.3 3.8 9.0%

RCP 1.9-SSP1 2.8 1.9 4.7 69.5%
RCP 1.9-SSP2 2.7 3.9 6.5 146.0%
RCP 1.9-SSP4 2.5 3.9 6.5 155.7%

RCP 2.6-SSP1 2.7 1.5 4.3 56.9%
RCP 2.6-SSP2 2.9 1.9 4.9 66.2%
RCP 2.6-SSP4 2.4 3.4 5.8 142.2%

RCP 3.4-SSP1 2.7 1.3 4.0 47.6%
RCP 3.4-SSP2 2.5 1.4 3.9 57.5%
RCP 3.4-SSP3 2.3 3.5 5.8 150.2%
RCP 3.4-SSP4 2.4 2.8 5.2 117.0%
RCP 3.4-SSP5 3.1 1.2 4.3 38.7%

RCP 4.5-SSP1 2.8 0.8 3.6 27.5%
RCP 4.5-SSP2 2.6 1.2 3.8 47.8%
RCP 4.5-SSP3 2.2 3.1 5.3 143.3%
RCP 4.5-SSP4 2.4 2.3 4.7 97.4%
RCP 4.5-SSP5 3.2 0.9 4.1 27.2%

stringent policy drivers may allocate more wood to
permanent storage pools via BECCS systems, so com-
plementary policies may be needed to support new
markets for long-lived wood products like cross-
laminated timber.

4.2. Model variations
We find differences in HWP projections across mod-
els, but the trends are largely consistent. Several scen-
arios have low variation in estimates while some are
drastically different like the RCP 1.9-SSP2 scenario,
where GLOBIOM has a projected 23.6 GtC while
GTM projects 6.3 GtC in HWPs. This is a result of
differences in product classifications or how policy,
management, and climate are incorporated in each
model. In GLOBIOM, bioenergy is often sourced
from sawtimber residuals, so there is strong com-
plementarity between bioenergy demand growth and
C in sawtimber-derived (long-lived) wood product
pools. GTM and GFPM source a higher proportion
of bioenergy directly from pulp logs. Other model
differences include how carbon policies incentivize
changes in wood product composition—in GTM, for
instance, the mitigation price instrument can shift
management regimes to longer rotation intervals, and
hence a larger proportion of sawtimber from the
larger diameter trees at harvest. Thus, model assump-
tions and functionality contribute to both projected

net forest carbon changes (the focus of [45]) and
HWP carbon pools.

4.3. Driving factors of HWPC
We also find that future levels of global levels of
development, consumption, and inequality have sig-
nificant impacts on the estimated levels of HWP
C. Policy can impact the trade in certain markets.
For example, restricting energy emissions will lead
to increased demand, higher prices, and more pro-
duction of bioenergy products. However, changes in
consumer preferences and product demand heavily
drive trade dynamics in many markets, including the
demand for timber products, which result in a longer
sink of carbon due to their extended lifespan relat-
ive to bioenergy. Increases in the HWP C pool are
associated with economic development and increased
population [24, 54, 55], increased levels of globaliza-
tion cross-region trade [56, 57], and policy [58].

Different socioeconomic conditions also determ-
ine the breakdown of timber product supply [57, 59].
Those with higher lifespans decay slower and store
carbon for longer periods of time, so increased use
of timber-based building material provides a longer
carbon sink compared to paper and panels. The
extent of climate efforts similarly impacts C estimates
in some socioeconomic scenarios, particularly when
compared to the baseline SSPs. This suggests an
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implicit tradeoff between carbon storage in forests
and carbon stored in certain wood product pools.
The interactions between both socioeconomic and
environmental futures are important to assess when
considering how HWPs can contribute to future cli-
mate mitigation, and policy considerations may need
to reflect local context and preferences. For example,
in areas where forests are increasingly managed for
multiple ecosystem services and amenities, it may be
desirable to target carbon sequestration in forests,
recognizing that there are permanence risks of trans-
itioning to less active management or longer har-
vest intervals. However, areas with significant infra-
structure devoted to wood product manufacturing
may design policies to expand HWP C pools through
increased efficiency and supply of long-lived wood
products as a way to limit community impacts of
reduced wood product manufacturing.

4.4. BECCS
Along with tradeoffs between short- and long-term
HWPs across different socioeconomic futures, there
are important tradeoffs involving the production and
use of bioenergy. To explore this, we assess changes
in the HWP C pool when employing BECCS techno-
logy. We find significant increases in the total HWPC
pool with BECCS due to its permanent storage poten-
tial. BECCS deployment improves the global carbon
outlook of the sector, as this analysis assumes an
overly pessimistic rate of full biogenic CO2 emissions
from bioenergy without BECCS (e.g., no fossil fuel
emissions displacement or adjustments to the energy
system). Our results suggest that by end-of-century,
annual emissions displacement potential from HWP
C storage increases between 26%–152% with BECCS
employment in non-baseline scenarios.

Our results provide a roadmap for addressing
the potential differences in C impacts of HWP-
based mitigation (e.g., product demand stimula-
tion) and carbon capture-based mitigation. Both
approaches incentivize increased removals of wood.
For example, comparing high demand growth scen-
arios to ambitious climate policy encouraging bioen-
ergy use (i.e., from RCP 4.5 to 1.9) for SSP1, we
see a reduction in HWP C of roughly 1.1 GtC per
year. However, this is offset by more than 1.9 Gt per
year of added storage when BECCS is included in the
RCP 1.9-SSP1 scenario. While beneficial for the cli-
mate, BECCSdemandswill need to be reconciledwith
increased demand of lumber for housing and the built
environment.

4.5. Regional variation
We focus on regional estimates to assess imbal-
ances in HWP C outcomes between global regions.
Socioeconomic factors have a large impact on the pro-
duction of HWPs [3, 4, 24, 60], which is reflected in
the variation in regional growth inHWPC.Countries
highly focused on local/ regional sustainability and

development (i.e., SSP3, SSP4), they are likely to
implement policies that incentivize local production
and consumption (i.e., tariffs, quotas, price controls),
reducing globalHWP trade [34, 61, 62]. Alternatively,
a more globalized environment supporting higher
levels of trade increases access to HWPs, adding low-
producing regions to join the network, increasing
overall production and consumption [38]. However,
the extent of HWP trade is unlikely to affect global
regions in the same way [63]. Additionally, efforts
to ensure more sustainable production of products
through mechanisms like certification requirements
will increase trade barriers, particularly in developing
countries [32, 61, 64].

Regions with the highest levels of estimated HWP
C pools are Asia, Europe, and North America. In
several scenarios, these regions have projected HWP
C that are 5 times higher than the African region,
which has the lowest carbon pools in most scen-
arios. This indicates that the region will not be a
major producer, but could be large consumers, spe-
cifically in scenarios with increased development and
equality. There are several reasons for these likely
trajectories in the region including its reliance on
fuelwood [65], resulting in management focused on
products with shorter lifespans, a lack of large-scale
industrial capacity for panels and sawnwood [66],
and a more decentralized government relative to
other regions [67]. Further, developing regions could
experience increased imports of woody biomass to
support bioenergy or BECCS systems under climate
policy scenarios, which raises important questions
regarding carbon and energy security tradeoffs for
countries that are biomass import-dependent [68].

4.6. Limitations
Although several insights can be drawn based on the
structure and results of this study, there are oppor-
tunities for improvement in future research. First, this
study uses data only for timber production, which
will show a different picture than if consumption
levels were to be integrated. This is particularly salient
for policy assessments that require carbon account-
ing that crosses international borders, raising con-
cern about who gets credit for carbon storage in
a globalized world. Considering this, future stud-
ies can incorporate consumption data of HWPs and
assess the accounting implications. Ideally, HWPs
could be broken down into more categories for more
specificity about decay rates and a more thorough
trade network-focused approach. This could provide
applicable information on potential trade imbal-
ances, increasing efficiency of global timber trade by
ensuring that products are supplied where there is
high demand. The balance of production/ consump-
tion across regions is particularly important when it
comes to measuring carbon pools for national and
global GHG inventories. One accounting method
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credits the country of production for C (produc-
tion approach) [69], which does simplify the meas-
urement ability. However, this overlooks the role of
importing countries aiming to use HWPs for cli-
mate mitigation who lack the resources to be effi-
cient producers [70, 71]. A further investigation into
trade dynamics and imbalances in the HWP sector
will allow for a better understanding of how different
accounting methods measure flows of C in the most
equitable and representative way [72, 73].

Our study did not account for the wood product
substitution effect that occurs when timber is used
to replace emissions-intensive building materials like
steel and concrete. This is due to inadequate or miss-
ing data on a global scale and the tendency for this
substitution effect to be accounted for in life cycle
assessments in other sectors. Our study also did not
explicitly address end-of-life options for HWPs such
as covered landfills that could slow oxidation/decay
rates and reduce the net emissions footprint. Related,
future research might address the concept of ‘wood
vaulting’, where wood products are buried under-
ground for longer-term preservation, which has been
suggested as a lower-cost and efficient approach to
storing carbon in HWPs [74].

Finally, althoughwepresent awide range of plaus-
ible future projections that vary across socioeco-
nomic and policy dimensions, model, and HWP C
accounting assumptions, we acknowledge that there
is inherent uncertainty in individual projections,
driven in part by parametric assumptions specific to
different models (e.g., forest inventory data, biolo-
gical growth assumptions, demand elasticities, etc).
While addressing parametric uncertainty is outside
the scope of this manuscript (and is computation-
ally challenging for implementing consistently across
models), each model included in our assessment
has published results parametric uncertainty analysis
(e.g., [75] for GTM; [76] for GLOBIOM, and [77] for
GFPM).

4.7. Implications
Despite these limitations, results from this analysis
provide insight into the many roles that forests and
timber can play in climate mitigation and high-
light important tradeoffs regarding future pathways
that focus more on BECCS compared to storing
carbon in long-lived wood products. As policies
and private investments on forest-based climate
mitigation opportunities continue to grow, it is
important to consider these tradeoffs and develop
policies maximizing climate benefits across ter-
restrial, HWP, and geologic CCS pools. Regardless of
the pathway or final product composition, our res-
ults add to the discussion presented inDaigneault et al
by further clarifying how the global forest sector can
jointly increase carbon storage in product and ter-
restrial pools [45]. Systems perspectives and holistic
accounting offered by these global economic tools

offer a more optimistic outlook on the potential cli-
mate impact of wood harvesting than recent studies
that assume limited or no interaction between mar-
kets, management, and carbon outcomes [30].

However, our results also point to potential
tradeoffs between ambitious climate action in
forestry, including BECCS deployment, which might
compete directly with traditional wood products.
While these opportunity costs are captured in net
mitigation results presented in [45], new research is
needed to evaluate these potential tradeoffs across
other dimensions (e.g., community impacts of
regional forest industry contraction) and explore
costs of policy incentives more directly targeting
HWP C expansion.

Results from this study also illustrate how model
inter-comparisons can inform future model devel-
opment and improvement opportunities for indi-
vidual models, or collectively. This study provides
a roadmap for future areas of research, model
development, and inter-comparison. Some examples
include—(1) greater integration with energy sys-
tems or economy-wide models to capture emissions
displacement effects of increased use of wood in
the construction, energy, or industrial sectors, (2)
improved representation of trade-related emissions
implications of increased HWP consumption and
associated end-of-life disposition (in the country
of consumption), and (3) more explicit representa-
tion of novel wood products, including mass tim-
ber and bioplastics. On development item (3), Lan
et al provides an example on the integration of life
cycle assessment and global forest sector modeling
in the context of mass timber [78]. These devel-
opments could offer improved insight into more
nuanced direct and indirect emissions implications
of future HWP pathways, providing a template for
future research on novel wood products.
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