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Carbon stored in harvested wood products (HWPs) can affect na-
tional greenhouse gas (GHG) inventories, in which the production
and end use of HWPs play a key role. The Intergovernmental Panel
on Climate Change (IPCC) provides guidance on HWP carbon ac-
counting, which is sensitive to future developments of socio-
economic factors including population, income, and trade. We
estimated the carbon stored within HWPs from 1961 to 2065 for
180 countries following IPCC carbon-accounting guidelines, consis-
tent with Food and Agriculture Organization of the United Nations
(FAOSTAT) historical data and plausible futures outlined by the
shared socioeconomic pathways. We found that the global HWP
pool was a net annual sink of 335 Mt of CO2 equivalent (CO2e)·y

−1

in 2015, offsetting substantial amounts of industrial processes
within some countries, and as much as 441 Mt of CO2e·y

−1 by 2030
under certain socioeconomic developments. Furthermore, there is
a considerable sequestration gap (71 Mt of CO2e·y

−1 of unac-
counted carbon storage in 2015 and 120 Mt of CO2e·y

−1 by 2065)
under current IPCC Good Practice Guidance, as traded feedstock
is ineligible for national GHG inventories. However, even under
favorable socioeconomic conditions, and when accounting for
the sequestration gap, carbon stored annually in HWPs is <1%
of global emissions. Furthermore, economic shocks can turn the
HWP pool into a carbon source either long-term—e.g., the col-
lapse of the USSR—or short-term—e.g., the US economic reces-
sion of 2008/09. In conclusion, carbon stored within end-use
HWPs varies widely across countries and depends on evolving
market forces.

carbon sequestration | harvested wood products | climate change | forest
sector | shared socioeconomic pathways

Carbon stored in harvest wood products (HWPs) can have
multiple effects on national greenhouse gas (GHG) in-

ventories, where HWPs in end use play a key role. However, the
global potential of HWPs as a carbon sink is both unknown and
difficult to assess. In 2015, a total of 197 countries ratified the
Paris Agreement, encouraging parties to “conserve and enhance,
as appropriate, sinks and reservoirs of greenhouse gases. . .includ-
ing forests” (ref. 1; art. 4.1d), allowing countries to account for the
carbon stored within forests, and addresses activities that have
forest carbon benefits after forests are harvested, including carbon
stored in HWPs. However, depending on the balance between
carbon inflows and outflows, the HWP pool can be either a carbon
sink or source, as carbon is added to the HWP pool when new
products are produced and released when older products reach the
end of their useful life and are burned, potentially offsetting fossil
emissions, or sent to solid-waste disposal sites (SWDSs), where
they decompose to varying rates. Ultimately, socioeconomic fac-
tors, including population, income, and trade, will determine the
amount of wood products produced and consumed in the future,
and, thus, the carbon sequestration potential of the HWP pool on
regional and global scales. Income levels are expected to rise (2),
as is population, at least until 2050 (3). However, beyond that, the
future developments of socioeconomic factors are uncertain,
making the contribution of HWP production to carbon stored
within HWPs in end uses difficult to predict.

The consideration of HWPs as a carbon-storage mechanism is
relatively new. The Intergovernmental Panel on Climate Change
(IPCC) first recognized HWPs in their Revised 1996 IPCC
Guidelines for National Greenhouse Gas Inventories (4), but
expressed a default assumption that “all carbon biomass har-
vested is oxidized in the removal [harvest] year” (Land Use
Change and Forestry, 5.17, box 5), and this approach was adopted
during the first Kyoto Protocol commitment period (2008–2012).
Then, in their 2006 Guidelines (5), the IPCC revised their treat-
ment of HWPs, proposed accounting guidelines, and allowed
Annex I parties to account for carbon benefits. In 2011, at the 17th
Conference of Parties (COP17), members concluded that only
HWPs made from domestic harvests can contribute toward na-
tional GHG inventories, implying the production approach as the
new standard moving forward. The IPCC subsequently published
the 2013 Revised Supplementary Methods and Good Practice
Guidance Arising from the Kyoto Protocol (6), adding HWPs as a
mandatory pool to be reported within land use, land use change,
and forestry (LULUCF) activities, and updated the reporting
methods for the production approach to be employed by Annex I
parties during the second Kyoto period. Moving forward, coun-
tries are preparing to report their HWP carbon pool within their
Nationally Determined Contributions under the Paris Agreement.
Given this relatively new focus on HWPs, the question is what
their global mitigation potential may be.
Prior work (see ref. 7 for a review) has focused on the carbon

budget (8, 9) or methods for accounting for carbon in HWPs (8,
10, 11). In recent years, country-level analyses have been con-
ducted on historical data, finding an increase in the accumula-
tion of carbon within the HWP pool in the United States (11),
Portugal (12), Canada (13), Ireland (14), the European Union
(15), Japan (16), and China (17). Others have shown similar
historic trends across the globe (8, 10), but relied on outdated
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accounting methods. Meanwhile, few have projected future car-
bon emissions and removals in the HWP pool, and those that have
focused on regional- or national-level estimates and employed ad
hoc future scenarios that have little economic support behind the
evolution of wood product markets (13, 15, 16). Consequently, the
future potential of the harvested wood carbon pool is poorly un-
derstood, even though it is now mandatorily included within cur-
rent IPCC Good Practice Guidance.
Indeed, changes in carbon stocks associated with the produc-

tion and end use of HWPs fall within a broader system (SI Ap-
pendix, Forest Sector System Boundary), which includes forest
ecosystem carbon balance, attendant changes in manufacturing
emissions from displaced products (e.g., concrete, steel, and
fossil fuel), emissions from biofuels, and decay in SWDSs. While
the literature has examined carbon pools associated with dif-
ferent components within this boundary (7), our primary focus
here is on end-use HWPs.
We provide here a comprehensive global estimate of the

contribution of HWP to carbon stored in HWPs in end uses based
on disaggregated country-level data and future predictions driven
by country-specific variability in socioeconomic factors across
time. We primarily relied on open-access data from the Food and
Agriculture Organization of the United Nations (FAOSTAT; ref.
18), which provides country-level data on the production, import,
and export of forest products, beginning in 1961. To predict future
trends in global forest product markets, we paired a publicly
available economic model of wood markets that is calibrated to
FAOSTAT data (SI Appendix, Global Forest Products Model) to
five shared socioeconomic pathways (SSPs) that describe a series
of different futures surrounding plausible demographic, economic,
technological, social, governance, and environmental factors
(19–21). The development of international wood markets will

play a critical role in the magnitude of the HWP carbon pool
within national GHG inventories.
We show that the HWP sink is growing globally, but the

magnitude of the contribution estimates of HWPs differs among
future socioeconomic pathways. We also find that the current
2013 IPCC Good Practice Guidance underestimates the contri-
bution of the HWP carbon stored in end uses because it only
includes products produced from domestic harvests in national
GHG inventories and ignores traded timber. However, even under
a best-case scenario, and when accounting for this gap, the global
potential of HWPs as a carbon sink is minor and always <1% of
emissions. Furthermore, analyzing historical data at the country
level shows that economic shocks can play a major role in the
carbon emissions or removals in a country’s HWP pool.

Production of Wood Products. Global harvest and the production
of wood products has risen markedly over the historical period
from 1961 to 2015 (Fig. 1 A and B), according to FAOSTAT
data. Our projections show that those increases will generally
continue from 2015 to 2065 for all five SSPs, albeit at varying
rates (SI Appendix, Tables S8–S13). Specifically, global harvests
have risen from 2.1 billion m3 in 1961 to 3.78 billion m3 in 2015
(Fig. 1A), and we project them to reach 4.2 billion m3 by 2065
under SSP5 due to rapid economic growth. Alternatively, if the
future sees increasing disparities in economic growth as de-
scribed under SSP4, global harvests could be relatively stagnant
over the next 50 y. The “business-as-usual” SSP2 scenario (with
minimal changes in historical socioeconomic conditions) leads to
a modest rise in global harvests from 2015 to 2030 of 100 million
m3 and remains stagnant through 2065. Similar trends are pro-
jected for the global market for wood-processing inputs like in-
dustrial roundwood and wood pulp (Fig. 1A and SI Appendix,
Tables S8 and S9), as future harvests are ultimately driven by the

Fig. 1. Projected global HWP market and carbon-pool data for 1961–2015 from FAOSTAT, projections for 2016–2065 from the GFPM for SSP1–5. (A–C) Global
production of feedstock (A) and end-product groupings (B) drive the total level of carbon stored within HWPs and the net annual carbon flux (year-to-year
change) in the HWP pool (C). (D and E) Current IPCC accounting methods ignore carbon stored in products manufactured from foreign feedstock, with D
displaying the proportion of unaccounted feedstock, leading to an amount of unaccounted removals each year (E). (F) Consequently, a gap exists between
the actual global carbon cycle of HWPs and those inventoried under IPCC 2013 Good Practice Guidance. Global estimates are based on disaggregated country
and commodity information.
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demand for downstream products such as sawnwood, wood-based
panels, and pulp and paper.
Global sawnwood production also has risen strongly: Con-

sumption in 1961 was 231 million m3, rising to 454 million m3 by
2015 (Fig. 1B and SI Appendix, Table S10). Our projections
suggest that this trend will continue across all SSPs, but the rise is
most rapid under SSP5, where sawnwood production is projected
to rise to 606 million m3 by 2065. Under the business-as-usual
SSP2 scenario, we project a production of 560 million m3 by
2065, but under SSP3, we project a more modest rise to 526
million m3 due to slower economic development.
The global pattern of wood-panel production experienced

exponential growth in the past two decades, but we project this
rate to start slowing in ∼2040 (Fig. 1B and SI Appendix, Table
S11). Still, production has expanded from 25 million m3 in 1961
to 402 million m3 in 2015, and, by 2065, we project production to
be between 605 million and 894 million m3. The most substantial
growth is seen under SSP5, and less so under SSP4. Under the
business-as-usual SSP2 scenario, we project production to rise to
700 million m3 by 2065. Production is projected to continue to
grow until 2065 under SSP1, SSP2, and SSP5, while global pro-
duction will plateau by 2040 under SSP3, and even sooner
under SSP4.
The global pattern of paper and paperboard production has

risen steadily from 1961 to 2015, from 88 million to 407 million
m3 (Fig. 1B and SI Appendix, Table S12). We project this in-
crease to continue by as much as 306 million m3 over the next
50 y under SSP5, or as little as 139 million m3 under SSP3. The
business-as-usual SSP2 scenario projects that consumption of
paper and paperboard will rise to 615 million m3 in 2065. The
continued rise in this category is the result of packaging-material
production growing faster than printing- and writing-paper markets
are contracting.

Carbon Flux in HWPs. Carbon in the global HWP pool has in-
creased concomitantly with the increase in past production lev-
els, and projections from 2015 to 2065 show similar trends, but
with variation across socioeconomic futures (Fig. 1C). We proj-
ect the amount of carbon stored within HWPs to continue to rise
until 2065 across all plausible futures, but the rate of growth to
slowly decline as future production rates are insufficient to
compensate for the decay of inherited emissions from past pro-
duction. Consequently, the net annual removals by this pool are
estimated to peak in ∼2030 between 317 and 415 Mt of CO2
equivalent (CO2e)·y

−1, based on future socioeconomic condi-
tions (Fig. 1C).
The scenario that yields the highest annual rate of seques-

tration in 2065 according to our projections is SSP5, with a net
removal of 328 Mt of CO2e·y

−1 (Fig. 1C). Here, gross domestic
product (GDP) per capita is assumed to increase rapidly, and
free trade results in a high level of wood-product consumption.
Alternatively, SSP4 yields the lowest annual sequestration of 142
Mt of CO2e·y

−1 by 2065, as increasing economic disparities persist,
and access to markets is limited in poor countries, reducing overall
production levels. The mitigation potential under the business-as-
usual SSP2 scenario leads to a more moderate annual rate of
sequestration of 220 Mt of CO2e·y

−1 by 2065.
Annual contribution estimates are projected to vary sub-

stantially, both within and across SSPs. The SD in the average
annual rate of global sequestration from 2015 to 2065 is esti-
mated to be ±13 Mt of CO2e·y

−1 across SSPs. However, there is
greater variation for annual contribution estimates across time
within a given SSP. Estimates for SSP5 fall between 328 and
441 ± 40 Mt of CO2e·y

−1 during 2015–2065 due to high eco-
nomic growth, where a world described by increasing inequalities
under SSP4 leads to annual contribution estimates between 142
and 383 ± 82 Mt of CO2e·y

−1 during this time. This highlights the
need to have HWP carbon removals occur at a rate that is suf-
ficient to offset inherited emissions from historic production
levels, and, if the storage and emissions in SWDSs are included

in an evaluation, the removals would need to exceed the CO2e of
CO2 and CH4 emissions from those sites.
In addition to global variation in the HWP carbon pool, we

found strong variation at the country level (Fig. 2 and SI Ap-
pendix, Table S13). We estimate that the highest annual net
carbon removals occur in timber-producing countries, such as
China, Canada, the United States, and Russia, and to a lesser
degree in South American countries, such as Brazil, and Scan-
dinavian countries, such as Sweden. Canada was a net sink of
emissions in 2015, but projections to 2065 indicate that reduced
production of sawnwood and a shrinking pulp and paper industry
will make removals insufficient to offset inherited emissions from
historically high levels of production in these sectors. A similar
situation occurs in other countries for which we project a net
release of carbon from the HWP pool in the future under certain
SSPs, including Japan and Australia, some African countries
(e.g., Uganda and Nigeria), and some Eastern European coun-
tries (e.g., Bulgaria and Croatia).

Accounting and Sequestration Gap. According to the 2013 IPCC
Good Practice Guidance accounting, only wood products pro-
duced (including exported end products) from domestically sourced
inputs contribute to national GHG inventories, and exporting na-
tions cannot claim carbon stored in foreign end products. Conse-
quently, a sequestration gap is created between what is actually
stored in HWPs and what is reported in national GHG inventories
following IPCC Good Practice Guidance. In 2015, 10.5% of global
industrial roundwood was traded and unaccounted for, and 32%
for wood pulp (Fig. 1D). These trends are projected to continue
into the future at varying rates, with as much as 38% of global wood
pulp production and 18% of industrial roundwood production
traded and, therefore, unaccounted for in GHG inventories (for
country-level data, see SI Appendix, Fig. S2).
Following IPCC Good Practice Guidance, there is a significant

amount of noninventoried carbon stored in HWPs. In 2015, we
estimated that 71 Mt of CO2e·y

−1 of net carbon sequestered went
unaccounted for, and this could grow to as much as 120 Mt of
CO2e·y

−1 by 2065 under SSP5 (Fig. 1E). The sequestration gap
will increase with trade and is predicted to be greatest under
SSP5. Every additional year of unaccounted carbon sequestered
results in a further divergence of the actual HWPs global carbon
cycle from that calculated by using IPCC Good Practice Guid-
ance. This gap is estimated to reach 4.8 Gt of CO2e by 2030 and
as much as 7.3 Gt of CO2e by 2065 under the business-as-usual
SSP2 scenario (Fig. 1F).
As international climate agreements move toward mandatory

accounting for HWP carbon flux, it is important to assess its
relative importance by comparing it against other IPCC emis-
sions categories. The global annual carbon stored in the HWP
pool represents <1% of total GHG emissions (without
LULUCF), but is quite considerable for some countries (Fig. 3).
In Canada, for example, HWPs could offset an estimated 2.4%
of total GHG emissions (without LULUCF) and nearly 34% of
national industrial-process emissions in 2015. Similarly, Sweden’s
HWP pool could offset an estimated 12% of energy emissions,
72% of industrial process emissions, and almost 9% of total
emissions (without LULUCF). However, for the vast majority of
countries, the HWP pool represents a small proportion of emis-
sions of other major sectors. The United States, for exam-
ple, could only offset 0.3% of emissions in the energy sector and
4.6% of industrial-process emissions in 2015. The importance of
the contribution of HWP to carbon stored in end uses is small in
most countries, but for those where it is large, a broader as-
sessment of the effects of HWPs on emissions and carbon stor-
age would be most important (for country-level data, see SI
Appendix, Table S15).

Effects of Economic Shocks. An additional challenge for countries
that plan to rely on their HWP carbon pool to meet their in-
ternational climate targets has to do with the effects of un-
foreseen economic shocks. The potential of HWPs as a carbon
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sink is only realized if future market activity is sufficient to, at the
very least, offset the decay from previously consumed products
(15, 22). However, historical examples show that economic shocks
lead to major changes in a country’s HWP carbon flux.
We consider first the 2008/09 economic recession and its impact on

the HWP carbon pool of the United States. From 2007 to 2009, the
US consumption of sawnwood fell by 42%, plywood consumption by
32%, and paper consumption by 18%, and, consequently, harvests in

the United States fell from 425 million m3 in 2007 to 332 million
m3 in 2009. The implications on the annual removals of carbon in the
HWP pool were substantial, causing a sharp drop in annual carbon
sequestration in the HWP pool, resulting in a net source of emissions
(Fig. 4A). However, since then, the US economy has rebounded
sufficiently to continue a trend of net annual removals.
An even more extreme example where historic production

rates are no longer met is Russia, due to the collapse of the USSR

Fig. 3. Spatial patterns in degree with which the domestic HWP pool could offset select IPCC emissions sectors. Calculated as the ratio in the annual carbon
flux in the HWP pool to the reported United Nations Framework Convention on Climate Change. GHG data for a given sector. 2015 data were used for all
Annex I countries. For non-Annex I countries, the most recent available year’s GHG emissions data were used and matched to the annual carbon flux in the
HWP pool in that same year. See SI Appendix, Table S15 for specific data and years used. Excl., excluding.

Fig. 2. Spatial patterns in socioeconomic and carbon-pool information for 2015 and projections for 2065. Left shows income per capita, first for 2015
measured in GDP/capita purchasing power parity US$2005 dollars, and then in annual average growth rate from 2015 to 2065 for SSP2, SSP3, and SSP5. Center
depicts the relative magnitude of the carbon pool in each country in terms of tCO2 per capita in 2015 and in 2065 for SSP2, SSP3, and SSP5. Right depicts the
annual carbon flux in each country in 2015 and in 2065 for SSP2, SSP3, and SSP5.

Johnston and Radeloff PNAS | July 16, 2019 | vol. 116 | no. 29 | 14529

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S
SU

ST
A
IN
A
BI
LI
TY

SC
IE
N
CE

D
ow

nl
oa

de
d 

at
 S

te
en

bo
ck

 M
em

or
ia

l L
ib

ra
ry

 o
n 

F
eb

ru
ar

y 
17

, 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904231116/-/DCSupplemental


in 1991 and its attendant effect on the carbon flux of Russia’s
HWP pool (Fig. 4B). Here, the Russian economy shrank by nearly
30%, followed by years of negative or no economic growth.
Consumption of sawnwood in Russia fell from 47 million m3 in
1991 to 15 million m3 in 1997, with similar trends for other wood
products. Consequently, Russia transitioned from a net sink of
carbon in their HWP pool of 21 million Mt of CO2e·y

−1 in 1991 to
a net source of 13 Mt of CO2e·y

−1 in 1995. Unlike the rapid re-
covery of the US economy after 2008/09, Russia continued to be
plagued by the momentum of wood-product decay for the
subsequent decades.
Lastly, the rapid accumulation of carbon in the HWPs pool

builds momentum for high levels of future decay. A great ex-
ample is the recent growth in China, where between 2005 and
2015, the consumption of sawnwood rose by an average annual
rate of 14%, 11% for plywood, and 5% for paper, which resulted
in an exponential accumulation of carbon in HWPs. However, as
China’s economic growth rate is projected to ease into the future,
the transfer of HWPs after use for burning or to SWDSs for
storage or decay where the HWP came from the rapid-growth
period will outweigh the additions to the pool from future pro-
duction, leading to a downward trend in future annual net se-
questration in the HWP pool (Fig. 4C). That is, China must sustain
a high level of wood production to ensure that their HWP pool
does not become a net source of carbon emissions due to decay.

Conclusion
We estimated the contribution of HWP production and storing
carbon in end uses from 1961 to 2065 for 180 individual coun-
tries following the IPCC carbon-accounting guidelines, based on
FAOSTAT historical data and on plausible futures outlined by
the SSPs. Our results suggest that the global HWP pool se-
questered 335 Mt of CO2e·y

−1 in 2015 and could sequester as
much as 441 Mt of CO2e·y

−1 by 2030 under favorable socio-
economic conditions, plus an additional 120 Mt of CO2e·y

−1 by
2065 due to traded timber that is not accounted for under cur-
rent IPPC accounting guidelines. Based on our results, the
magnitude of carbon storage in HWPs can help to offset a sub-
stantial amount of industry process emissions, but only in some
timber-producing countries.
Global climate-change agreements are moving toward more

reliance on forestry to reduce atmospheric CO2 levels, including
consideration of HWP carbon benefits, but caution should be
exercised when integrating their carbon flux because the carbon-
sink potential of HWPs is quite sensitive to future socioeconomic
conditions. Economic shocks can cause a country’s HWP pool to
transition from a net sink to a source, with varying degrees of
persistence, as seen in Russia and in the United States. The degree
to which current climate agreements are willing to accommodate

for unforeseen economic shocks remains unknown. China, for
example, is accumulating a significant amount of carbon in their
HWP pool, which could prove to be a liability if current levels of
production and consumption decline.
Indeed, this issue, and our HWP contribution estimates as a

whole, could change if life expectancy of HWPs improves into
the future. Furthermore, additional mitigation potential may be
achieved when substituting emissions-intensive materials (e.g.,
concrete, steel, and fossil fuels) for HWPs. Ultimately, while we
apply the IPCC default approach to input data, more detailed
country-level analysis may thus alter the estimates provided here.
In summary, the importance of the contribution of HWPs to

carbon storage in end uses is small in many countries, but large in
others, and for these countries, a broader assessment of the ef-
fects on emissions and carbon storage will be most important to
estimate global carbon sink potential (for country-level data, see
SI Appendix, Table S15).

Materials and Methods
Our analysis consists of two major parts: projections of future wood markets
based on an economic model, including an assessment of the implications of
future socioeconomic conditions on wood product markets; and the atten-
dant carbon flux within the HWP pool according to IPCC Good Practice
Guidance accounting methods. We discuss both parts briefly here. Details
are provided in SI Appendix.

Global Forest-Products Model and Plausible Futures. To predict future trends in
global forest-product markets, we employed the Global Forest Products
Model (GFPM), which tracks 14 commodity groupings (SI Appendix, Table S1)
across 180 individual countries (SI Appendix, Table S2) and has been the
main tool in recent global forest-sector outlook studies published by the US
Forest Service (23) and FAOSTAT (24).

The GFPMwas calibrated to closely replicate themost recent data reported by
FAOSTAT. The GFPM simulates the evolution of the global forest sector by cal-
culating successive yearly market equilibriums by maximizing a quasi-welfare
function, as given by the sum of consumer and producer surpluses net of
transaction costs. The model computes the market equilibrium, subject to a
number of economic and biophysical constraints, including a market-clearing
condition which states that the sum of imports, production, and manufactured
supply of a given product in a given country must equal the sum of end-product
consumption, exports, and demand for inputs in downstream manufacturing.

We linked successive yearly equilibria of the GFPM to reflect country-
specific demographic and economic growth in accord with the IPCC SSPs.
These pathways describe plausible development of socioeconomic futures,
which focus on different challenges to climate-change mitigation and ad-
aptation and their attendant effects on population and GDP (Fig. 2 and SI
Appendix, Fig. S1 and Tables S3–S5).

We modeled country-specific land-use change assumptions under differ-
ent SSPs as a function of evolving demographics and economic growth
represented through an environmental-Kuznets-curve relationship with
forest area. Other SSP parameters were captured within GDP and population

Fig. 4. The effects of economic shocks on the HWP carbon flux in the United States (A), Russia (B), and China (C): For 1961–2015 from FAOSTAT; projections
for 2016–2065 from the GFPM for SSP1–5. The development of socioeconomic factors helps determine production levels whereby carbon is added to the HWP
pools when new products are produced. Net release of emissions occurs when current production is unable to offset carbon release from previously consumed
products as they decay.
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projections andoperationalizedwithin theGFPMmodeling framework through
shifts in demand, supply, technological change, transportation and shipping
costs, and freedom of trade (SI Appendix, Global Forest Products Model).

HWP Accounting. To calculate the annual emissions and removals of carbon
from the HWP pool using historical data from FAOSTAT and projections
provided by the GFPM, we followed the 2013 Revised Supplementary
Methods and Good Practice Guidance Arising from the Kyoto Protocol (5)
and applied them to all Annex I and non-Annex I parties. Results are sensi-
tive to input data, and the IPCC outlines guidance related to three tiers of
input availability. Following the default Tier 2 method, emissions from the
HWP pool were assumed to follow a decay function, where the CO2e stock
of the j th HWP {sawnwood, wood panels, and paper and paperboard} at the
beginning of year t expands as new products enter the pool and contracts as
existing products decay, according to the following equation:

ϕ j
i,t+1 = e−kϕ j

it +

"�
1− e−k

�
k

#
inflow j

it , [1]

where ϕ j
t is the carbon stored in HWP j in year t in country i, k is a decay

parameter (k = ln(2)/HLj) based on product j’s half-life HLj (SI Appendix, Table
S6). Then, the carbon-stock change of HWP category j during year t is equal to:

Δϕ j
i,t =ϕ j

i,t+1 −ϕ j
i,t . [2]

Following Decision 2/CMP.7 reached at COP17 in Durban, South Africa, in
2011, the IPCC Good Practice Guidance offers methods for estimating the
inflow of carbon within these HWP groupings j, where credit is given only to
the carbon stored in products produced from domestically sourced inputs.
For simplicity, forest-management variables are dropped in the following
equation due to limited availability of comprehensive global data and as it
falls outside of the scope of the current analysis (25):

inflow j
it = Sjit * f

DP
it , [3]

where Sjit is the domestically produced HWP j in country i at time t, and fDP
it

is the share of domestic feedstock for the production of a particular HWP

originating from domestic forests in country i at time t (SI Appendix,
Fig. S2):

fDPit =

(
f IRWit for sawnwood and wood � based panels

f IRWit * fPULPit for paper and paperboard
, [4]

f IRWit =
IRWP

it − IRWEX
it

IRWP
it + IRWIM

it − IRWEX
it

, [5]

fPULPit =
PULPP

it − PULPEX
it

PULPP
it + PULPIM

it − PULPEX
it

, [6]

where f IRWit is the share of industrial roundwood for the domestic production

of HWPs originating from domestic forests in country i at time t, and IRWP
it,

IRWIM
it , and IRWEX

it are the production, import, and export of industrial
roundwood in country i at time t, respectively. Likewise, the annual share of
domestically produced wood pulp as feedstock for paper and paperboard

production in country i at time t is given by fPULPit , where PULPP
it, PULP

IM
it , and

PULPEX
it are the production, import, and export of wood pulp in country i at

time t, respectively.
To include current-year carbon release from previously produced HWPs—

referred to as “inherited emissions”—estimates before 1961 are needed.
Since FAOSTAT data begins in 1961, the IPCC recommends extrapolating
back to 1900 using the following equation:

Vj
i,t =Vj

i,1961e
½Uðt−1961Þ�, [7]

where Vj
t is annual production, imports, or exports of wood product j in year

t in country i, and U is the estimated continuous rate of change of industrial
roundwood production for a given region between 1900 and 1961 (SI Ap-
pendix, Table S7).

ACKNOWLEDGMENTS. We thank Joseph Buongiorno for the use of the
GFPM, Dave Helmers for cartographic assistance, and two anonymous
reviewers for their helpful comments.

1. Intergovernmental Panel on Climate Change, “Paris agreement” [Intergovernmental
Panel on Climate Change (IPCC), IPCC/Organisation for Economic Co-operation and
Development/International Energy Agency, Paris, France, 2015]. https://unfccc.int/
sites/default/files/english_paris_agreement.pdf. Accessed 20 June 2018.

2. R. Dellink, J. Chateau, E. Lanzi, B. Magné, Long-term economic growth projections in
the shared socioeconomic pathways. Glob. Environ. Change 42, 200–214 (2017).

3. S. Kc, W. Lutz, The human core of the shared socioeconomic pathways: Population
scenarios by age, sex and level of education for all countries to 2100. Glob. Environ.
Change 42, 181–192 (2017).

4. Intergovernmental Panel on Climate Change, Revised 1996 IPCC Guidelines for Na-
tional Greenhouse Gas Inventories, J. T. Houghton et al., Eds. [Intergovernmental
Panel on Climate Change (IPCC), IPCC/Organisation for Economic Co-operation and
Development/International Energy Agency, Paris, France, 1997]. https://www.ipcc-
nggip.iges.or.jp/public/gl/invs6d.html. Accessed 28 January 2019.

5. K. Pingoud, K. Skog, D. Martino, M. Tonosaki, Z. Xiaoquan, “Harvested wood prod-
ucts” in 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Agriculture,
Forestry and Other Land Use (Intergovernmental Panel on Climate Change, Geneva,
Switzerland, 2006), vol. 4, chap. 12. http://www.ipcc-nggip.iges.or.jp/public/2006gl/
pdf/4_Volume4/V4_12_Ch12_HWP.pdf. Accessed 8 April 2019.

6. Intergovernmental Panel on Climate Change, 2013 Revised Supplementary Methods
and Good Practice Guidance Arising from the Kyoto Protocol, T. Hiraishi, et al., Eds.
(Intergovernmental Panel on Climate Change, Geneva, Switzerland, 2014). http://
www.ipcc-nggip.iges.or.jp/public/kpsg/pdf/KP_Separate_files/KP_Chapter_2_Methods_
Estimation_Measurement_Monitoring_Reporting.pdf. Accessed 10 April 2018.

7. A. Geng, H. Yang, J. Chen, Y. Hong, Review of carbon storage function of harvested
wood products and the potential of wood substitution in greenhouse gas mitigation.
For. Policy Econ. 85, 192–200 (2017).

8. K. Pingoud, A. L. Perälä, S. Soimakallio, A. Pussinen, “Greenhouse gas impacts of
harvested wood products: Evaluation and development of methods” (VTT Research
Notes 2189, VTT Technical Research Centre of Finland, Espoo, Finland, 2003).

9. C. Green, V. Avitabile, E. P. Farrell, K. A. Byrne, Reporting harvested wood products in
national greenhouse gas inventories: Implications for Ireland. Biomass Bioenergy 30,
105–114 (2006).

10. J. K. Winjum, B. Sandra, S. Bernhard, Forest harvests and wood products: Sources and
sinks of atmospheric carbon dioxide. For. Sci. 44, 272–284 (1998).

11. K. Skog, K. Pingoud, J. Smith, A method countries can use to estimate changes in
carbon stored in harvested wood products and the uncertainty of such estimates.
Environ. Manage. 33, S65–S73 (2004).

12. A. C. Dias, M. Louro, L. Arroja, I. Capela, Comparison of methods for estimating

carbon in harvested wood products. Biomass Bioenergy 33, 213–222 (2009).
13. J. Chen, S. J. Colombo, M. T. Ter-Mikaelian, L. S. Heath, Future carbon storage in

harvested wood products from Ontario’s crown forests. Can. J. For. Res. 38, 1947–1958

(2008).
14. J. Donlan, K. Skog, K. Byrne, Carbon storage in harvested wood products for Ireland

1961–2009. Biomass Bioenergy 46, 731–738 (2012).
15. R. Pilli, G. Fiorese, G. Grassi, EU mitigation potential of Harvested wood products.

Carbon Balance Manage. 10, 6 (2015).
16. C. Kayo, Y. Tsunetsugu, M. Tonosaki, Climate change mitigation effect of harvested

wood products in regions of Japan. Carbon Balance Manag. 10, 24 (2015).
17. C. Ji, W. Cao, Y. Chen, H. Yang, Carbon balance and contribution of harvested wood

products in China based on the production approach of the intergovernmental panel

on climate change. Int. J. Environ. Res. Public Health 13, 1132 (2016).
18. Food and Agriculture Organization of the United Nations, FAOSTAT forestry data

base. (2018) http://www.fao.org/forestry/statistics/84922/en/. Accessed 28 November

2018.
19. B. C. O’Neill et al., The roads ahead. Narratives for shared socioeconomic pathways

describing world futures in the 21st century. Glob. Environ. Change 42, 169–180

(2017).
20. D. P. van Vuuren et al., Scenarios in global environmental assessments: Key charac-

teristics and lessons for future use. Glob. Environ. Change 22, 884–895 (2012).
21. A. Popp et al., Land use futures in the shared socio-economic pathways. Glob. Envi-

ron. Change 42, 331–335 (2017).
22. C. M. Iordan, X. Hu, A. Arvesen, P. Kauppi, F. Cherubini, Contribution of forest wood

products to negative emissions: Historical comparative analysis from 1960 to 2015 in

Norway, Sweden and Finland. Carbon Balance Manag. 13, 12 (2018).
23. J. Buongiorno, S. Zhu, R. Raunikar, J. Prestemon, “Outlook to 2060 for world forests

and forest industries: A technical document supporting the Forest Service 2010 RPA

assessment” (General Tech. Rep. GTR-SRS-151, U.S. Department of Agriculture Forest

Service, Southern Research Station, Asheville, NC, 2012).
24. J. Prestemon, J. Buongiorno, “The North American Forest Sector Outlook Study 2006-

2030” (United Nations Economic Commission for Europe-Food and Agricultural Or-

ganization Rep. SP-29, US Forest Service, Washington, DC, 2012), p. 68.
25. H. Yang, X. Zhang, A rethinking of the production approach in IPCC; its objectiveness

in China. Sustainability 8, 216 (2016).

Johnston and Radeloff PNAS | July 16, 2019 | vol. 116 | no. 29 | 14531

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S
SU

ST
A
IN
A
BI
LI
TY

SC
IE
N
CE

D
ow

nl
oa

de
d 

at
 S

te
en

bo
ck

 M
em

or
ia

l L
ib

ra
ry

 o
n 

F
eb

ru
ar

y 
17

, 2
02

0 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904231116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904231116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904231116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904231116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904231116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904231116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904231116/-/DCSupplemental
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://unfccc.int/sites/default/files/english_paris_agreement.pdf
https://www.ipcc-nggip.iges.or.jp/public/gl/invs6d.html
https://www.ipcc-nggip.iges.or.jp/public/gl/invs6d.html
http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_12_Ch12_HWP.pdf
http://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_12_Ch12_HWP.pdf
http://www.ipcc-nggip.iges.or.jp/public/kpsg/pdf/KP_Separate_files/KP_Chapter_2_Methods_Estimation_Measurement_Monitoring_Reporting.pdf
http://www.ipcc-nggip.iges.or.jp/public/kpsg/pdf/KP_Separate_files/KP_Chapter_2_Methods_Estimation_Measurement_Monitoring_Reporting.pdf
http://www.ipcc-nggip.iges.or.jp/public/kpsg/pdf/KP_Separate_files/KP_Chapter_2_Methods_Estimation_Measurement_Monitoring_Reporting.pdf
http://www.fao.org/forestry/statistics/84922/en/

