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Abstract

Forest carbon stock changes are routinely reported at the national level. Such accounting usually includes carbon
sequestered by live trees and stored in living and dead trees, litter, and soil. The carbon stored in harvested wood products
(HWPs), while in use and after disposal, may also be reported. However, wood products may provide a further indirect
carbon benefit by providing an alternative to materials that require relatively large inputs of fossil-derived carbon. This
“substitution impact” of HWPs is not explicitly considered in national reporting for forest carbon accounts because it is not
directly comparable with absolute emissions and removals. However, the substitution impact is avoided fossil emissions,
which do affect the net climate impact of wood use. Here, we estimate the total substitution impact for wood products
harvested recently from forests in the United States. The total substitution impact is based on reported volumes of national
wood production and the substitution factors for individual products. The substitution factors are obtained from
comparative life-cycle assessments of specific wood products and their nonwood alternatives. The total substitution impact
for wood products in the United States in 2020 was 188 TgCO2 equivalents. Calculation of substitution factors is
challenged by assumptions about the use of wood products and their alternatives and by limited availability of current and
specific life-cycle assessment data; however, our findings indicate that the substitution impact of forest products are a
relatively important component of the carbon benefits of wood-based products.

Forests are an important part of the carbon cycle and
play a substantial role in climate-change mitigation (Griscom
et al. 2017). Trees sequester and store carbon, and forests in
the United States are a substantial net carbon sink. The wood
in harvested trees is also capable of storing carbon for vari-
ous durations while in use and after disposal in landfills.
These carbon stores (expressed in terms of global warming
potential, i.e., CO2 equivalents [e]) are reported nationally
for the United States (Domke et al. 2023) as part the United
Nations Framework Convention on Climate Change report-
ing requirements (IPCC 2014).
The primary cause of climate change is the combustion of

fossil fuels (Friedlingstein et al. 2022). Wood products may
provide climate benefits by providing alternatives to materi-
als whose production requires relatively large fossil fuel
inputs (e.g., concrete, steel, plastics, etc.). This “substitution”
effect is variously referred to as “displacement,” “embodied
carbon reduction,” and, more recently, as “carbon handprint”
(Biemer et al. 2013; Grönman et al. 2019). Carbon handprint
is meant to contrast with the term “carbon footprint,” which
is a common reference to the fossil carbon emissions associ-
ated with a material’s production and use. The substitution

factor of wood products can be quantified as the reduction in
fossil-based greenhouse gas emissions when using wood in
place of another material, expressed per mass of the wood
used (Sathre and O’Connor 2010).

Life-cycle assessment (LCA) is a standardized method to
account for the holistic environmental impacts of products
and processes, including their global warming potential
(GWP), an indicator that is expressed as CO2e. LCA is an
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active area of research and has produced GWP estimates for
many products. The substitution of materials requiring
greater fossil-fuel inputs with lower-carbon materials such
as wood-based products results in a reduction in greenhouse
gas emissions. Substitution factors for wood products have
been calculated by comparing the LCA GWP data of wood
products and their alternatives. The calculation of wood
products substitution factors is difficult because of, e.g., var-
iations in LCA methods and assumptions, regional differences,
and uncertainties regarding the functional equivalence of wood
products and alternatives. Despite this uncertainty, reviews of
the literature generally support the concept that using wood in
place of other materials results in lower fossil GWP; thus there
is a substitution carbon benefit or a positive fossil carbon hand-
print for wood products (Sathre and O’Connor 2010; Leskinen
et al. 2018; Hurmekoski et al. 2021). These assessments are
based on fossil emissions only and should exclude consider-
ation of biogenic carbon stock changes (i.e., changes in forest
carbon stocks) to avoid double counting and noncounting of
emissions. Therefore, substitution impact or handprint does not
equal the climate change mitigation potential of wood products,
but it does provide one component of the overall climate
impact of wood use.
The concept of climate-smart forestry explicitly recognizes

the contribution of wood product substitution to wood’s cli-
mate mitigation benefits, in addition to the carbon stored in
forests and harvested products (Nabuurs et al. 2017). Despite
the general recognition that wood can provide substitution
benefits and that these benefits can be included in analysis of
forest carbon dynamics (McKinley et al. 2011; Pukkala 2018;
Hurmekoski et al. 2020), there has been minimal reporting of
the magnitude of the overall substitution impacts of wood pro-
duction—partly due to the difficulty of interpreting such val-
ues. Hurmekoski et al. (2023) reported the substitution impact
of the current array of wood-based materials produced in Fin-
land to be over 12.5 TgCO2e (10

12 g ¼ megaton) per year. To
provide perspective, the total annual sector-wide greenhouse
gas emissions for Finland are approximately 48 TgCO2e (Min-
istry of the Environment [Finland] 2022).
To the best of our knowledge, there is no estimate for

nationwide substitution impacts of wood products produced
in the United States. Thus, the purpose of this study was to
quantify the substitution impact of wood products in the
United States in the recent past, as well as to discuss the
interpretations of such impacts relative to greenhouse gas
(GHG) accounting and climate-change mitigation analyses.

Materials and Methods
The mass of stored biogenic carbon (in metric tonnes, i.e.,

tC) contained in a reported product volume (m3) or mass (t)
was multiplied by its product-specific substitution factor
(tC/tC) to yield that product’s substitution impact (converted
to tCO2; Hurmekoski, et al. 2023). The sum of the substitu-
tion impacts for the full array of products was used to esti-
mate the total substitution impact, expressed as TgCO2e.

United States’ wood production

Wood production estimates are compiled and reported by
the US Department of Agriculture Forest Service to the
United Nations (FAOSTAT 2023), with total production
volumes reported for 1990, 1995, 2000, 2005, 2010, 2015,
and 2020. Carbon content of various products was taken

from the International Panel on Climate Change (IPCC)
guidelines (IPCC 2019). Carbon mass was converted to
CO2e by multiplying by 3.67, the ratio of the molecular
weights of carbon and carbon dioxide.
Allocation to various end uses within each wood product

category was collected from various sources as described
below. Data used were from the 2020 reporting year or the
most recent year available. Allocations were assumed to be
the same in all previous years.

Substitution factors

Substitution factors were calculated as the GWP differen-
tial relative to the difference in biogenic carbon content of
the materials being compared. This is the same as the calcu-
lation done by Sathre and O’Connor (2010), who referred to
the product as “displacement factor”:

Displacement factor ¼ GWPnonwood option � GWPwood option

Cwood option � Cnonwood option

Substitution factors were calculated for wood options com-
pared with their alternative material, or with the market-
share-weighted average of their options, in some cases where
we identified more than one option. Data were taken from
the most recent LCA studies or environmental product decla-
rations (EPD) conducted in the United States, as available.
Exceptions are noted below. These data included consider-
ation of assumed differences in the service life of the wood
and nonwood options. Biogenic carbon was excluded and
life-cycle stages from cradle to gate (stage A in International
Organization for Standardization [ISO] standard 21930 [ISO
2017]) or cradle to grave (stages A–C in ISO standard 21930
[ISO 2017]) were included depending on data availability.
The identification of the substitute products is the most
important yet the most uncertain assumption. Following pre-
vious literature (e.g., R€uter et al. 2016), we selected substi-
tute products on the basis of expert judgment trying to ensure
functional equivalence between the substituted services. Spe-
cifics for the various wood products and assumptions regard-
ing their alternatives are described below; the resulting
substitution factors are listed in Table 1.

Primary construction

The greatest use of wood in the United States is for primary
construction. Proportions of sawn wood (coniferous and non-
coniferous) allocated to construction and other uses was
assumed to be as reported by Howard et al. (2017) for 2017.
Proportions of plywood and oriented strand board (OSB) allo-
cated to various uses was as reported by APA—The Engi-
neered Wood Association (2022) for the year 2020. A small
amount of primary construction application of nonstructural
panels (for molding and millwork) was reported by the Com-
posite Panel Association (2023).
An average end-use substitution factor was applied to all

primary construction uses on the basis of a whole-building
LCA comparison of a wood-framed and a steel-framed house
in the United States (Lippke et al. 2004). In that study, there
were many wooden components common to each house
option; the differences in the whole buildings’ embodied fos-
sil carbon were due to alternative materials used in the walls
and floors. For this analysis, the same substitution factor
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Table 1.—End use, volume, and estimated substitution impacts of wood products harvested from forests in the United States in
2020.

Category

End uses within each category Category-wide

End use Alternative material(s)

Proportion

of category

End-use substi-

tution factor

(tCO2e/tCO2e)

Weighted-average

substitution factor

(tCO2e/tCO2e)

Production

volume

(TgC)

Impact

(TgCO2e)

Solid wood products

Coniferous sawn

wood

Primary construction Steel 70% 0.96 1.11 14.21 57.63

Packaging (pallets) Plastic 9% 0.34

Other (including furniture) Steel shelving 3% 0.36

Treated industrial Steel, concrete,

fiberglass

3% 1.40

Treated decking, fencing Wood–plastic

composite

15% 2.39

Industrial coniferous

roundwood

Treated posts, poles, and

pilings

Steel, concrete,

fiberglass

100% 1.40 1.40 1.66 8.52

Nonconiferous sawn

wood

Primary construction Steel 15% 0.96 0.60 4.40 9.66

Flooring (solid) Ceramic tile, luxury

vinyl tile, and vinyl

sheet

6% 1.59

Flooring (laminate) 4% 0.99

Packaging (pallets) Plastic 44% 0.34

Other (including furniture) Steel shelving 20% 0.36

Ties and timbers Concrete 12% 1.23

Plywood and veneer Primary construction Steel 66% 0.96 0.75 2.72 7.47

Packaging (pallets) Plastic 19% 0.34

Other (including furniture) Steel shelving 15% 0.36

Oriented strand

board

Primary construction Steel 87% 0.96 0.75 2.58 8.34

Packaging (pallets) Plastic 5% 0.34

Other (including furniture) Steel shelving 8% 0.36

Particleboard Primary construction Steel 2% 0.96 0.37 1.34 1.82

Furniture and fixtures Steel shelving 98% 0.36

Medium-density

fiberboard

Primary construction Steel 22% 0.96 0.62 0.80 1.81

Flooring (laminate) Ceramic tile, luxury

vinyl tile, and vinyl

sheet

20% 0.99

Furniture and fixtures Steel shelving 58% 0.36

Hardboard Other (including furniture) Steel shelving 100% 0.36 0.36 2.27 2.97

Insulation board Insulation Glass wool, rockwool,

polystyrene

100% �0.20 �0.20 0.41 �0.29

Pulp and paper

Dissolving pulp Textiles (viscose) Cotton, polyethylene 63% 0.88 0.55 0.44 0.90

Plastics, films, cigarette

filters

N/A 37% 0.00

Mechanical pulp Packaging papers Plastic 70% 1.12 0.78 1.92 5.51

Graphic and tissue paper N/A 30% 0.00

Chemical pulp Packaging papers Plastic 70% 1.12 0.78 18.83 54.20

Graphic and tissue paper N/A 30% 0.00

Energy

Energy wood Commercial heating Fossil fuel mix 4% 0.68 0.23 13.90 11.90

Electrical power generation 9% 0.68

Household heating 21% 0.68

Industrial (including wood

manufacturing)

N/A 66% 0.00

Pellets Household heating and

electrical power

generation

Fossil fuel mix 100% 0.68 0.68 4.08 10.17

Solid waste

incineration

Industrial heat and power 100% 0.68 0.68 2.78 6.93

US sum of substitution impacts for 2020 188

TgCO2e

364 TAYLORETAL.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



(wood in place of steel) was assumed to apply to all the
wood used (e.g., lumber and panels used in roofing).

Poles

Poles are a component of the coniferous roundwood cate-
gory that are preservative treated and used for industrial appli-
cations. Production volumes were taken from Vlosky (2009)
for poles and pilings, which are the most recent data available.
The displacement factor was calculated from a recent compar-
ative LCA of treated wooden poles versus steel, concrete, and
fiberglass alternatives (Bolin and Smith, unpublished data).
The displacement factor was weighted by the estimated mar-
ket share of the alternatives (Osmose [no date]).

Treated sawn wood

Volumes of treated decking, boards (e.g., fencing), and
landscape timbers were taken from Vlosky (2009). Bolin and
Smith (unpublished data) provided comparative LCA data of
treated decking lumber versus a wood–plastic composite
(WPC) alternative, from which the displacement factor was
calculated. Treated dimensional lumber was excluded from
consideration in this category because although it is produced
in large volumes, it is unlikely to be substituted by WPC.

Pallets

Wooden pallet GWP data were taken from a recent LCA
(Alanya-Rosenbaum et al. 2021) and compared with data
for plastic pallets manufactured in the United States (Anil
et al. 2020), with a normalization for service life as reported
by Deviatkin and Horttanainen (2020).
Sawn wood (coniferous and nonconiferous [2017 produc-

tion data]), plywood, and OSB (2020 production data) all
contribute to pallets, as reported by the US Forest Service
and by APA—The Engineered Wood Association (2022).

Furniture

Sawn wood (hardwood and softwood) and panels (struc-
tural and nonstructural) all contribute to furniture products to
some extent, as reported by the US Forest Service (Howard
et al. 2017) and by the panel industries (APA 2022; Compos-
ite Panel Association 2023). A single displacement factor for
all wood allocated to furniture was assumed from R€uter et al.
(2016), which was based on a comparison of wooden and
steel shelving. The average of the 2010 and 2030 projected
values was used, corrected to provide units of tC/tC.

Hardwood end uses

Nonconiferous sawn wood was allocated to products
(including flooring and pallets [“packaging and shipping”])
according to 2017 data reported by the US Forest Service
(Howard et al. 2017), with the exception that the “other”
category (11%) was replaced by ties, which corresponds to
the data provided by the Railway Tie Association for 2020
(Railway Tie Association 2023). A substitution factor for
wood crossties was calculated from a comparative LCA
with a concrete alternative (Bolin and Smith 2013).

Flooring

Industry average EPDs were used for major smooth floor
options: hardwood flooring, engineered flooring (laminate),
ceramic, luxury vinyl tile, and vinyl sheet (Resilient Floor

Covering Institute 2019a, 2019b; Tile Council of North
America 2020; Decorative Hardwoods Association 2022;
National Wood Flooring Association 2022). Cradle-to-grave
(landfill option) values of GWP were normalized to an equiv-
alent service life (75 yr) and weighted by the 2020 market
share (area) as reported by Floor Covering Weekly (2021).
Carpet was excluded (even though it is almost half the mar-
ket) because its GWP is extremely high, and smooth wood
options might not provide a functional alternative to carpet.

Insulation board

The production of “fiberboard, other” was assumed to be
for insulation board in place of glass wool, rockwool, and
polystyrene, with a displacement factor as reported by Ruter
et al. (2016). The average of the 2010 and 2030 projected
values was used, corrected to provide units of tC/tC.

Pulp for paper

Chemical and mechanical pulp production were both allo-
cated to packaging and nonpackaging categories in proportion
to paper production values reported to the United Nations (UN;
FAOSTAT 2023). A single “packaging paper” displacement
factor was calculated on the basis of data from a comparative
LCA of cardboard and reusable plastic shipping containers for
food products (Thorbecke et al. 2019). The displacement factor
was calculated for the market-weighted averages of the dis-
placement scenarios for different product types, expressed per
mass of virgin pulp fiber in the cardboard boxes. A substitution
factor of zero was assumed for nonpackaging papers (e.g., tis-
sue and newsprint) and for recovered pulp fiber. That is, com-
munication papers were assumed to substitute for electronic
media and hygiene papers were assumed to substitute for water
(treatment), but the GWP difference in both cases is challeng-
ing to quantify.

Dissolving pulp

Shen et al. (2010) provide GWP values for various fibers,
including viscose manufactured in various locations, poly-
ethylene, and cotton. Because cotton and polyethylene dom-
inate the fiber market (Textile Exchange 2022), these
materials were used as the alternative, with GWP impacts
weighted by global production levels. The GWP impact of
the viscose option was weighted 65% to the “Asia” option
(Shen et al. 2010) on the basis of the assumption that the
majority of viscose production is in China (Research in
China 2023). The carbon content of viscose was calculated
as 44% on the basis of the assumption that it is pure cellu-
lose. A substitution factor of zero was assumed for other
uses of dissolving pulp (37% of the total; Shen et al. 2010),
which include plastics, films, and cigarette filters.

Energy wood

Wood production for energy was taken from the data
reported to the UN (FAOSTAT 2023). Pellet production was
only reported for the 2018-through-2020 reporting periods
and was assumed to be zero before that. Wood energy end-
use proportions for 2020 were obtained from the US Energy
Information Administration (EIA; 2023) and applied equally
across all time periods. Wood and paper waste incineration
for energy was calculated with data from the US Environ-
mental Protection Agency (EPA) for 1960 through 2018
(2022b); the data point for 1995 was the average of the
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values for 1990 and 2000, and the data were assumed to be
the same in 2019 and 2020 as they were in 2018. The substi-
tution factor of wood energy sources chosen was 0.68, the
midpoint of the range reported for Canada (Smyth et al.
2017), where the energy supply is heavily dependent on fos-
sil fuels, as is the case in the United States. Wood energy
used in mill operations was given a substitution factor of
zero because it was assumed to be accounted for in the sub-
stitution factors of the mill’s products. Similarly, energy
recovery from pulp waste was assumed to be used internally
and thus provides no separate energy substitution impact.

Results and Discussion
The total substitution impact of wood products was 188

TgCO2e in 2020 (Table 1). Note that this is based on a com-
parison of single cases covering a fraction of all end uses
and functional units. Thus, the estimate only aims to explore
the approximate scale of the substitution and it should be
interpreted with caution. Moreover, substitution impacts are
not directly comparable with absolute emissions and remov-
als because the comparison point (i.e., the baseline sce-
nario) is different. For example: for harvested wood product
(HWP) emissions and removals, the baseline is the stock in
the last time period. However, for substitution, it is the mar-
ket condition that would have prevailed if wood had not
been used (i.e., zero harvest). However, to help put these
impacts for substitution (137 to 188 TgCO2e/yr) into per-
spective, they represent avoided emissions equivalents to
about 2% to 4% of total GHG emissions from the United
States over the years evaluated here (approximately 6,000
to 7,500 TgCO2e/yr; EPA 2022a).
The most important uses of wood by volume in the United

States are for construction lumber in primary construction
and for pulp for packaging papers (e.g., cardboard boxes).
These two uses also have a dominating influence on the total
substitution factors of wood products harvested, given their
relatively high substitution factors (0.96 and 1.12 tC/tC,
respectively) and large production volumes (Table 1). These
substitution values are derived from single case studies, caus-
ing notable uncertainty. Future studies incorporating a larger
number of cases for these two major wood uses may thus
change the overall estimate, perhaps considerably so.
Total substitution impact varied over time because of

changes in the volume and types of wood products (Table 2).
The relatively low total impact in 2010 reflects reduced con-
struction activity associated with the global economic crisis
around 2008, and therefore fewer substitution opportunities
for wood materials. Total substitution impacts over time
have increased in part because of reduced demand for writing

paper and newsprint and an increase in demand for packag-
ing paper (Latta et al. 2016). The portion of paper production
for packaging in the United States increased from 52% in
1990 to 70% in 2020 (FAOSTAT 2023) and this has contrib-
uted to an increase in the weighted average substitution fac-
tor for wood products during that time (from 0.62 to 0.71
tC/tC; Table 2).

Overall, the weighted average substitution factor—for
products that were assumed to have a substitution benefit—
was 0.71 tC displaced per tC in the wood product in 2020.
When expressed in terms of the total wood harvest, the
average substitution factor was 0.52. These factors are com-
parable with the average substitution factors reported in
recent reviews (e.g., 0.55 in Hurmekoski et al. 2021). When
expressed in terms of units of roundwood volume harvested,
the fossil carbon emissions avoided is 440 kgCO2e/m

3.
The substitution impacts for paper products used in this

study were, on average, higher than with those used by Hur-
mekoski et al. (2023) for Finland. This is primarily because
the end use of pulp products in the United States is rela-
tively more in packaging (which has a high assumed substi-
tution factor) than in tissue and graphic papers (which are
assumed to have no substitution factor). If the United
States’ estimates had been compiled with the end-use distri-
bution of the pulp and paper products produced in Finland,
the overall impacts would be reduced to about 117 TgCO2e
for 2020, about 43% lower. In contrast, the substitution fac-
tors used recently for a study in Sweden, a country with for-
ests and forest industry similar to Finland (Skytt et al.
2021), were relatively high compared with those used in the
United States’ analysis. If the Sweden substitution factors
were applied to the United States’ production estimates for
2020, the estimated total impact would be approximately
34% higher. This range in impact estimates highlights the
uncertainty created by adopting LCA case studies for indi-
vidual products to generalize the results for an entire hetero-
geneous market.

Landfill was the only end-of-life scenario included in this
analysis, and only the reported wood and paper component
of solid waste that is incinerated to provide energy was
included. In Finland, almost all wood and paper products are
collected at disposal and incinerated for energy production,
thus providing a substantial additional substitution impact
(by displacing need for fossil fuels); Hurmekoski et al.
(2023) found that end-of-life practice in Finland increased
the total substitution impact by almost 50%. In the United
States, most of the wood and paper that is disposed of ends
up in landfills and provides no substitution benefit. However,
the wood and paper disposed of in landfills is included in

Table 2.—Total substitution impact and average substitution factors of wood harvested in the United States by year.

1990 1995 2000 2005 2010 2015 2020

Total substitution impact

TgCO2e 176 171 177 181 137 165 188

Total roundwood harvest

m3 3 106 509 470 467 467 377 399 430

Weighted average substitution factor of products

tC/tC 0.62 0.63 0.65 0.68 0.66 0.70 0.71

Substitution factor of all harvested roundwood

tC/tC 0.41 0.43 0.45 0.46 0.43 0.49 0.52

tCO2e/m
3 0.35 0.36 0.38 0.39 0.36 0.41 0.44
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calculations of carbon storage and this represents a large car-
bon sink in the United States: 63.6 TgCO2e in 2020 (Domke
et al. 2023). As the assumed substitution factor used here for
combustion of this wood and paper is 0.68 tC/tC (i.e., ,1.0),
then the reported carbon storage estimate may be greater
than its potential substitution benefit if it were combusted for
energy. This assumes that much of the wood (77%) and paper
(44%) disposed of in landfills does not decay and thus repre-
sents “permanent” carbon storage (EPA 2022b).
Substitution factors are highly uncertain and contentious

(Harmon 2019; Leturcq 2020). Uncertainty results in gen-
eral from the lack of representative LCA case studies across
the thousands of end uses, poor understanding of market
dynamics, and the hypothetical nature of the exercise—try-
ing to judge how consumer needs would have been satisfied
in the absence of wood-based products. For example, the
substitution factor calculation used here assumes that wood-
based products substitute nonwood products at a rate of 1:1
and compares attributional LCA studies of products’ aver-
age emissions. However, if the substitution were only par-
tial, the overall impact would be reduced because the
additional supply would substitute only part of the other
product, with the remainder merely adding to overall supply
(e.g., Chalmers et al. 2015). In addition, the products added
to or removed from the market could have different emis-
sions than the average for those products. Consequential
LCA would be required to explore the impact of marginal
changes in product use in response to carbon taxes or other
incentives. Also, substitution factors are likely to change in
the future (e.g., with the development of new products and
processes and with changes in the fossil-fuel intensity of the
systems that power the production of alternative materials;
Brunet-Navarro, et al. 2021). Thus, this analysis only intends

to explore the approximate scale of the substitution effects.
Future estimations would benefit from further LCA case
studies to increase the coverage of end uses as well as an
analysis on market dynamics regarding which nonwood
products the wood products substitute for and the direct and
indirect consequences of this substitution.
A finding of substantial substitution benefits for forest

products in the status quo does not necessarily imply that
greater harvest levels would yield proportional carbon bene-
fits. Hurmekoski et al. (2020) observed that increased harvest
levels in Finland would result in a proportionately higher
reduction in the forest carbon sink that would require prod-
ucts with extremely high substitution factors to offset. This
may be different in the United States, having different forest
ecosystems and forest product portfolios (Zhang et al. 2023).
Given that the unit change in forest (biogenic) carbon

storage is greater than the sum of unit change in wood (bio-
genic) product storage and avoided (fossil) emissions,
increased harvest levels would likely result in a net emis-
sion of carbon, at least in the short to medium term (Fig. 1).
However, just as there is uncertainty regarding the amount
and future potential for substitution impacts of HWPs, there
is also uncertainty regarding the capacity of forests to con-
tinue to sequester and store carbon at recent rates. After a
period of large-scale disturbance, during which forests in
the United States represented a major source of carbon
emissions, forest growth has rebounded over the past half
century, in large part because of fossil fuel substitution for
energy sources previously provided by wood (Birdsey et al.
2006). However, it now appears that the future carbon
sequestration capacity of United States’ forests is slowing.
For example, Zhu et al. (2018) calculated that United
States’ forests are at about 80% of their storage potential,

Figure 1.—Carbon storage and substitution impact (avoided carbon emissions) of forests and wood products in the United States,
expressed per unit of wood harvest in various years.
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similar to much of the global forest resource (Roebroek
et al. 2023). Thus, the interpretation of the balance between
fossil and biogenic emissions and removals over time is not
straightforward. Further research on the relationship of for-
est carbon stocks, HWP carbon pools, and wood product
substitution factors is needed for the United States’ context
to judge the overall climate-change mitigation potential of
wood-based products.

Conclusion
The substitution impacts of wood products from forests in

the United States ranged from 137 to 188 TgCO2e annually
over the past 2 decades. This is an amount equal to about 2%
to 4% of total GWP emissions from the United States during
that time. This large estimated impact does not necessarily
imply that more HWPs would increase the net carbon benefit;
associated forest carbon storage levels would need to be con-
sidered. Substitution impact estimates are very sensitive to
the substitution factor used. For example, the total substitu-
tion impact estimate would have been much lower or higher
if the factors used in recent studies in Finland or Sweden,
respectively, has been used instead. Estimation of substitu-
tion effects involves much uncertainty because of the impor-
tance of underlying assumptions and the limited availability
of LCA data. Further work to address this uncertainty would
help in evaluating the overall climate-change mitigation
potential of wood use in the United States.
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