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Abstract

In this paper, widely accepted calculation methods and readily available data sets are used to characterize the forest products
industry’s global carbon and greenhouse gas profile. The result is useful in understanding the industry’s current contributions to
atmospheric greenhouse gases. The global forest products industry’s carbon and greenhouse gas profile is composed of emis-
sions, sequestration, and avoided emissions. Emissions associated with forest products industry activities and products include
emissions from manufacturing, as well as emissions associated with electricity purchases, transport, and releases of methane
from discarded forest products in landfills. Carbon is sequestered in forests used to supply fiber to the industry and in forest
products. Because the stocks of carbon in sustainably managed forests, averaged over time and area, are relatively stable, net
sequestration is determined primarily by the fate of carbon transferred into products. The estimates developed in this study
indicate that the greenhouse gas emissions associated with the activities and products of the global forest products industry are
largely offset by sequestration, primarily attributable to increasing stocks of carbon in forest products. Avoided emissions, which
represent other important connections between the industry and the global carbon cycle, are associated with the industry’s use of

biomass fuels, combined heat and power systems, recycling, and product substitution effects.

Strategies to reduce industrial emissions of greenhouse
gases frequently focus on manufacturing emissions. Manu-
facturing operations, however, are only one element of the life
cycle of forest products, a life cycle that includes a series of
activities beginning with the production of raw materials and
terminating with the end-of-life management of used prod-
ucts. The development of optimal greenhouse gas control
policies requires an understanding of the emissions and se-
questration associated with the entire life cycle of forest prod-
ucts. In this study, we estimate the emissions and sequestra-
tion associated with the life cycle of the products manufac-
tured by the global forest products industry. We use the term
“carbon and greenhouse gas profile” to describe the overall
picture of emissions, sequestration and related activities hav-
ing important implications to the industry’s connections to the
global carbon cycle. The boundaries of the analysis include
forest growth, harvesting and regrowth, establishment of new
forests, transport of raw materials, forest products manufac-
turing (including the use of purchased electricity), product
transport, carbon stored in products, and emissions from prod-
ucts disposed in landfills. Several additional activities are ex-
amined in terms of the emissions that would have occurred if
the industry’s practices had been different (i.e., avoided emis-
sions). The analysis does not attempt to characterize global
“substitution effects,” i.e., the positive or negative effects as-
sociated with substituting forest products for competing
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products in commerce. At the global level, it is not possible to
examine substitution effects because there are too many prod-
uct substitutions and too many possible scenarios to examine.
Some specific product substitutions, however, (e.g., involving
wood-based building products) have been widely studied and
are discussed.

The forest products industry’s carbon and greenhouse gas
profile consists of three distinct parts—emissions, sequestra-
tion, and avoided emissions. Emissions consist of transfers of
greenhouse gases to the atmosphere from forest products in-
dustry facilities or from elsewhere in the forest products life
cycle. These emissions consist primarily of carbon dioxide
from fossil fuel combustion and methane from decomposition
of discarded products in landfills. Sequestration refers to in-
creases in the amounts of carbon contained in forests, forest
products and landfills. Avoided emissions are emissions that
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did not occur because of specific industry activities. Among
the avoided emissions calculated in this study are (a) the emis-
sions from combustion of fossil fuels that would have oc-
curred if the industry did not rely so heavily on biomass fuels
and combined heat and power systems, and (b) the emissions
of methane from landfills that would have occurred if paper
was not recycled. Other avoided emissions (e.g., due to spe-
cific substitution effects) are examined qualitatively. In this
analysis, avoided emissions are included to illustrate a num-
ber of important connections between the industry and the
global carbon cycle that can be missed if looking only at cal-
culations of emissions and sequestration. The question of
whether avoided emissions should be included in greenhouse
gas balance sheets is beyond the scope of this paper.

Below we examine the emissions, sequestration, and sev-
eral types of avoided emissions for the global forest sector.
Many of the emission aspects of the industry’s greenhouse gas
and carbon profile were examined by Subak and Craighill in
1999 (Subak and Craighill 1999). Since then, data and meth-
ods have evolved. More recent emissions data are available,
and a number of studies have been published, allowing trans-
portation- and downstream manufacturing-related emissions
to be characterized. There have also been advances in meth-
ods and data to analyze emissions associated with the forest
products component of municipal solid waste (MSW).

Sequestration analyses have improved as the Intergovern-
mental Panel on Climate Change (IPCC) has researched and
recommended approaches to account for carbon in forests,
and forest products in use and in landfills. Life cycle studies of
houses have been completed in Europe, Australia, the United
States and elsewhere, and have been used to examine the in-
dustry’s value-added chains (e.g., in Peterson and Solberg
2003). This paper summarizes the results of applying these
new data and methods to characterize the different compo-
nents of the forest product industry’s global greenhouse gas
and carbon profile. A comprehensive description of the esti-
mation methods is available elsewhere (NCASI 2007).

Greenhouse gas emissions
from the forest products life cycle

Direct emissions from the forest
products industry manufacturing facilities

Almost all of the greenhouse gas emissions from forest
products industry manufacturing facilities are the result of
fossil fuel combustion.' The U.S., Canada, Europe, Japan, and
Australia represent 67 percent of global production of market
pulp, paper and paperboard (FAO 2006a, Pulp and Paper
2005). Their average greenhouse gas emissions for 2002 to
2004 were 121 million metric tonnes (DOE 2002, Environ-
ment Canada 2004, CEPI 2005, 2006, JPA 2006, A3P 2005).
Globally, this extrapolates to 198 million tonnes of CO, per
year. The estimate agrees closely with a global estimate of 191
million tonnes of CO, per year calculated using generally ac-
cepted GHG emission factors and IEA data on sector fuel use
(IEA 2006). The two can be averaged to yield an estimate of
195 million tonnes CO, per year.

Wood products facilities in the member countries of the Or-
ganization for Economic Cooperation and Development

! The industry also burns large quantities of biomass fuels, but the CO, released
from biomass combustion is part of a natural cycle and is not included in green-
house gas totals (IPCC 2006).
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(OECD) produce 64.6 percent of the world’s sawnwood and
wood-based panels (FAO 2006a). Using International Energy
Agency (IEA) data, the CO, emissions associated with fossil
fuel at these facilities can be estimated to be 16 million tonnes
CO, in 2004 (IEA 2006). Extrapolating the emissions from
these regions to the rest of the world yields an estimate of 25
million tonnes of CO,.

Published emission factors and fuel consumption statistics
suggest that methane and nitrous oxide emissions from com-
bustion of all fuels (on a CO, equivalents basis) amount to
approximately 5 percent of the CO, emissions from fossil fuel
combustion (IPCC 2006, NCASI 2005). Applying this factor
increases the direct, combustion-related emissions from paper
and paperboard mills to approximately 205 million tonnes of
CO, equivalents per year. Given the uncertainty in the wood
products methane and nitrous oxide emissions estimates, a 5
percent increment is considered insignificant, and therefore
we ignored non-CO, emissions from wood products facilities
yielding total emissions associated with fossil fuel of approxi-
mately 25 million tonnes per year.

Based on information from a number of corporate green-
house gas inventories and unpublished studies of the U.S. for-
est products industry, we determined that methane emissions
from landfills and wastewater treatment systems are unlikely
to exceed 7 to 10 percent of direct, combustion-related GHG
emissions. Using a value of 8.5 percent results in an estimate
of approximately 20 million tonnes CO, equivalents per year.

Downstream manufacturing emissions can be estimated
from several data sources. Department of Energy (DOE) data
suggest that downstream manufacturing emissions from
printing and related operations are less than 4 percent of those
from the paper and paperboard industry (DOE 2005). A study
of the life cycle of North American magazines found that
downstream manufacturing emissions were 3 percent to 7 per-
cent of those from pulp and paper manufacturing (Gower et al.
2006). For some types of products, there are almost no down-
stream manufacturing emissions, e.g., converting rolls of pa-
per into cut sheets. Life cycle studies of houses in Europe have
found that the emissions resulting from house construction
(not including worker transport) are less than 10 percent of the
embodied greenhouse gas emissions in the building materials
(Cole 1999). Based on these sources, we assumed that second-
ary manufacturing operations are responsible for emissions
equal to 10 percent of those from primary manufacturing, or
25 million tonnes of CO, equivalents per year. Half of
this amount was assigned to direct emissions from manufac-
turing, and half of the emissions were attributed to purchased
electricity.

Indirect emissions
associated with purchases of electricity

We estimated emissions associated with purchased electric-
ity for pulp and papermills to be approximately 140 million
tonnes of CO, per year. We derived this estimate from either
(a) indirect emissions estimates from national associations
and national governments, or (b) data on electricity purchases,
and purchased electricity emission factors that are country-
specific, or multinational in the case of Europe (DOE 2002,
EC 2002, A3P 2005, CEPI 2005, 2006, JPA 2006).

Wood products facilities consumed 54,184 GWh in OECD
countries in 2004 (IEA 2006). Because there is relatively little
power generation at wood products facilities, it is reasonable
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to assume that consumption equals purchases. Using an emis-
sion factor of 450 tonnes CO, per GWh, a factor that is about
midway between regions heavily reliant on coal for electricity
and those regions that are more reliant on hydropower and
nuclear power, electricity purchases by OECD wood products
facilities were estimated to account for 25 million tonnes per
year of CO, Using the FAO data described above to extrapo-
late from the OECD to the globe, it is estimated that the global
wood products sector’s indirect emissions associated with
purchased electricity amount to approximately 40 million
tonnes CO, per year.

The wood products facility estimates were checked against
estimates generated using data from the Consortium on Re-
newable Resources and Industrial Materials (CORRIM) stud-
ies (Lippke et al. 2004, Perez-Garcia et al. 2005, and Puett-
mann and Wilson 2005). Using CORRIM emissions data and
FAO production data, the global wood products industry was
estimated to release 59 million tonnes CO, combined direct
emissions and indirect emissions (associated with purchased
power). This compared reasonably with the 65 million tonnes
of CO, derived by adding the direct (25) and indirect (40)
emissions estimates developed above.

Emissions associated with procuring and
transporting raw materials and products

The paper and paperboard sector

Transportation-related emissions can be estimated from a
number of sources. A study of conditions in the North Ameri-
can pulp and paper industry found that tree harvesting and
transport resulted in greenhouse gas emissions that were gen-
erally about 10 percent of virgin manufacturing emissions
(PTF 2002). The same study found that emissions from col-
lecting recovered paper were about 5 percent of recycled pa-
per manufacturing emissions (direct plus indirect). A more
recent study of the life cycle of paper for several North Ameri-
can magazines found that transportation represented 10 to 18
percent of direct emissions from the mill, or 9 percent to 14
percent of combined direct emissions and indirect emissions
from purchased power (Gower et al. 2006). The International
Institute for Economic Development (IIED) estimated that
transport-related emissions in Europe are approximately 5
percent of the pulp and paper industry’s direct and indirect
manufacturing-related emissions of CO, (ITED 1996).

Based on these sources, we assumed that transport-related
emissions equaled 10 percent of total manufacturing-related
(direct and indirect) emissions resulting in an estimated 40
million tonnes CO, per year for the paper and paperboard
sector.

The wood products sector

Using data developed by CORRIM (Puettmann and Wilson
2005) we estimated that total transport-related emissions from
the wood products sector are approximately 26 million tonnes
CO, per year assuming an average transport distance of 2500
km by rail and 60 km by road and diesel fuel usage. By com-
parison, Schwaiger and Zimmer (2002) found that CO, emis-
sions from harvesting and transporting roundwood to the for-
est products industry by truck range from 6.3 to 21.7 kg CO,
equivalents per cubic meter of roundwood depending on the
country . Berg and Karjalainen (2003) suggest a similar range.
Using a value of 15 kg CO, equivalents per cubic meter, and
assuming that the wood products sector consumes one-half of
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the 1.7 billion cubic meters of global industrial round wood
production (FAO 2006a), it is estimated that harvest and wood
transport is responsible for 13 million tonnes CO, per year for
the wood products sector globally.

To estimate emissions associated with distribution of
manufactured wood products, one can use data from Petersen
and Solberg (2003) and FAO production data (FAO 2006a) to
estimate that global emissions are about 13 million tonnes of
CO, per year. Adding the premanufacturing transport emis-
sions (13 million tonnes CO, per year) to the wood product
transport emissions (another 13 million tonnes CO, per year)
yielded a total of approximately 26 million tonnes CO, per
year for transport in the wood products sector, which is iden-
tical to that developed above using the CORRIM data.

Alternatively, one could assume that because the mass of
wood products is about equal to the mass of pulp and paper,
transport-related emissions for the two sectors should be com-
parable, or about 40 million tonnes CO, per year, a value
higher than that estimated using the other approaches de-
scribed above. Based on these various approaches, we deter-
mined that transport-related emissions from the wood prod-
ucts sector are approximately 30 million tonnes CO, per year.

Methane emissions
attributable to forest products in landfills

We calculated methane emissions of the forest products in-
dustry’s greenhouse gas profile using IPCC methods (IPCC
2003, 2006). The amounts of products discarded every year
were estimated by developing a time series of carbon stocks in
products-in-use to reflect each year’s new production and the
eventual removal from use of previously manufactured prod-
ucts. The time-in-use was determined using a first order decay
curve and the half-life values following IPCC (2003). These
calculations are described in more detail below in the discus-
sion of carbon in products in use and in landfills and in NCASI
2007. Assumptions regarding the fraction of used forest prod-
ucts that are discarded in landfills were taken from IPCC
(2006). Data generated by Barlaz (2004) indicate that many
wood products, as well as paper products that are high in lig-
nin or are coated, are expected to degrade to a much smaller
extent than suggested by IPCC defaults (which assume that 50
percent of the organic carbon degrades to gas). This would
cause the estimates for methane generation derived herein to
be high.

Another very important factor affecting methane emissions
estimates is the fraction of MSW landfills globally that are
equipped with methane collection systems. Bognar developed
estimates of global methane releases from MSW landfills as-
suming that 6.6 to 18.2 percent of the potential methane re-
leases were captured and burned, but noted that these esti-
mates were probably low by 50 to 100 percent due to under-
reporting of landfills that burn gas without recovering energy
(Bognar 2003). As a result, for this analysis, we assumed 20
percent of potential releases were collected and burned.

These assumptions yielded an estimate of average methane
emissions for the period 2000 to 2005 of approximately 250
million tonnes of CO, equivalents per year attributable to the
decomposition of forest products in landfills. We estimated
about two-thirds of this is attributable to paper products and
one-third to wood products using IPCC default assumptions.
If, for wood products, it is assumed that only 25 percent rather
than 50 percent of the carbon is degraded under anaerobic
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conditions (a value comparable to findings for coated papers
and newsprint in Barlaz 2004), the estimate of total releases
becomes about 200 million tonnes, of which three-quarters
are due to paper products rather than wood products.

A report by IIED estimated that 12 million tonnes of meth-
ane (about 250 million tonnes CO, equivalents) are released
from paper in landfills globally each year (IIED 1996, Subak
and Craighill 1999). Although the estimate reported by IIED
appears to agree with the estimate derived above, it is impor-
tant to note that the IIED estimate is based only on paper and
paperboard whereas the estimate derived above includes
wood products as well. An estimate more comparable to the
ITED estimate was obtained in this study by setting the landfill
degradation rate to zero for wood products. This yielded an
estimate of 150 million tonnes of CO, equivalents attributable
to paper and paperboard in landfills. In comparing the ITED
estimate to the ones derived herein, it is important to consider
that the two estimates were developed using very different
approaches.

The results from this study were compared to estimates of
global landfill methane emissions. These estimates were re-
ported to vary from 9 to 70 million tonnes of methane, or 189
to 1470 million tonnes of CO, equivalents per year (Bognar
2003). The size of this range highlights the uncertainties as-
sociated with the estimates attempted above. Bognar suggests
that within this range, it is most likely that global methane
releases from landfills are 16 to 20 million tonnes methane
(336 to 420 million tonnes CO, equivalents) per year (Bognar
2003).

Methane emissions from MSW landfills in the United
States, the EU-15 and Japan combined amount to approxi-
mately 210 million tonnes of CO, equivalents (EC 2005,
USEPA 2006a, and MOE 2006). According to World Bank
statistics, these three regions represent approximately 40 per-
cent to 60 percent of global gross domestic product, suggest-
ing that an estimate of global MSW methane releases of 336 to
420 million tonnes CO, equivalents is not unreasonable.

Estimates for total landfill methane releases should be
larger than those attributable only to forest products since
landfill methane is generated from waste materials besides
discarded forest products. If global methane releases from
landfills are 336 to 420 million tonnes CO, equivalents per
year, and forest products are responsible for 250 million
tonnes of CO, equivalents per year, then decomposing forest
products might be responsible for as much as two-thirds of
global landfill methane emissions.

The estimate was checked against information collected in
the United States. U.S. emissions of methane from MSW
landfills have been reported to be 141 million metric tonnes
CO, equivalents in 2004 (USEPA 2006a). If we assume that
two-thirds of this is due to paper and wood products (as sug-
gested by the calculations above) then about 95 million tonnes
of CO, equivalents of methane are attributable to forest prod-
ucts in landfills. The U.S. accounts for approximately 30 per-
cent of global consumption of pulp, paper and wood products
(FAO 2005), and probably a larger than 30 percent share of
landfilled forest products globally since relatively more paper
and wood are landfilled in the United States than in many
other developed countries. An estimate of 250 million tonnes
of CO, equivalents of emissions attributable to decomposi-
tion of forest products globally, therefore, does not appear
unreasonable.
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Carbon sequestration in
the forest products life cycle

Accounting for forest carbon

Forest biomass globally has been estimated to contain 283
billion tonnes of carbon. The global forest ecosystem as a
whole, including deadwood, soils and litter, contains 683 bil-
lion tonnes of carbon (FAO 2006b). This is approximately
equal to the amount of carbon in the atmosphere (IPCC 2001).
The amount of carbon cycling between global forests and the
atmosphere (gross primary productivity) has been estimated
to be approximately 85 billion tonnes per year (WBCSD
2005). About 30 billion tonnes of the carbon removed from
the atmosphere by forests per year are converted into biomass
(net primary productivity), representing about one-half of the
biomass production in the terrestrial environment (Sabine et
al. 2004). By comparison, the amounts of carbon removed
from forests by the forest products industry are small, amount-
ing to approximately 0.30 to 0.35 billion tonnes per year
(WBCSD 2005). The amounts of biomass and carbon in for-
ests are stable or increasing in essentially all developed coun-
tries (Kauppi et al. 20006).

Given the requirements of sustainable forestry management
programs to employ practices that ensure a continued supply
of wood, we assumed that carbon stocks in industrial forests
managed under sustainable forestry principles are, at worst,
stable over time.? For a number of reasons, the assumption of
constant forest carbon stocks likely understates the carbon
benefits of sustainably managed industrial forests. Not only
are some areas of managed forests set aside for environmental
reasons, managed forests are also less at risk for catastrophic
losses of carbon due to fire and insects. U.S. carbon stocks on
private timberland * are increasing by more than 240 million
tonnes of CO, equivalents per year (Bickel et al. 2004). It
appears that at least one-quarter of private timberland is man-
aged to produce wood for the forest products industry, sug-
gesting that 60 million tonnes of forest carbon sequestration
can be directly attributed to the U.S. forest products industry.*
Significant increases in forest carbon stocks have also been
reported for Europe and throughout the developed world
(FAO 2005, Kauppi et al. 2006), but the data are inadequate to
support an estimate of how much of this occurred on land used
for wood production. Significant amounts of carbon are con-
tained in portions of industry-owned forests that are set aside
for water quality production, habitat preservation, and other
environmental and conservation purposes, and these carbon
stocks may be increasing. In addition, carbon is accumulating
in significant areas of forest that are not managed primarily
for wood production, but which provide some wood to the
industry. In many cases, these forests would be cleared (and
the carbon benefits lost) were it not for the income from sales
to the forest products industry.

Since forest carbon stocks are stable or increasing in the
countries that produce most of the world’s forest products

2 The ability of sustainable forest management practices to maintain carbon stocks
has recently been recognized in the U.S. government’s program for voluntary
reporting of greenhouse gas emission reductions (DOE 2006).

3 Private timberland meets minimum levels of productivity and is available for
timber harvest

# Private timberland covers about 360 million acres in the United States (Smith et.
al. 2004). The Sustainable Forestry Initiative includes about 130 million acres of
certified forests (AF&PA 2006), about 50 million of which are in Canada (Abu-
sow 2004). This leaves 80 million in the United States, which would represent
one-quarter of all private timberland.
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(Kauppi et al. 2006), it is reasonable to assume that globally,
land managed for wood production is currently accumulating
carbon at a rate at least equal to the accumulation in land man-
aged to produce wood for the U.S. forest products industry.
This amounts to 60 million tonnes CO, per year. At a time
when global emissions are increasing, carbon sequestration in
managed forests could provide important short- to intermedi-
ate-term benefits. Nonetheless, averaged over long times and
areas, managed forests probably do not accumulate signifi-
cant amounts of carbon.

The global forest products industry also affects global for-
est carbon stocks by planting new forests. Where new forests
are planted on nonforestlands (i.e., afforestation) the new for-
est adds to stocks of carbon sequestered in global forests.
Where planted forests are established by first clearing natural
forests, however, there can be a net decline in the carbon
stored on the affected land area since planted forests managed
for wood production often store less carbon than natural
forests.

At least one study has suggested that the net effect of estab-
lishing new managed forests has been to increase global
stocks of sequestered carbon. Subak and Craighill (1999) ex-
amined the carbon gained through establishing new planta-
tions as well as the carbon lost due to conversion of natural
forests to plantations. They estimated the balance to be net
sequestration of 158 million tonnes CO, per year although
it was noted that the estimate was subject to considerable
uncertainty.

Estimating the net effects of new forest establishment at the
global level is difficult. There is great variability in forest car-
bon stocks, even within a single region and the impacts on soil
carbon are complex. Available data indicate that during the
1990s, the land area converted from natural forest to planted
forest was approximately equal to the land area converted
from non-forest to planted forest (FAO 2001). Considering
the likely impacts of these changes on carbon, it appears rea-
sonable to conclude that, at worst, during the 1990s, the loss of
carbon on natural forestland converted to planted forest was
approximately offset by the increase in carbon stocks on non-
forestland that was converted to planted forest. Again, this
finding is subject to considerable uncertainty.

Finally, it is also necessary to consider the potential impacts
of converting forestland to non-forestland; i.e., deforestation.
While carbon stocks in European and North American forests
are stable or increasing, those in Africa, Asia and South
America are declining (FAO 2006b), mostly due to defores-
tation. The causes of deforestation are complex and vary from
one location to another, but at the global scale, deforestation is
“mainly due to conversion of forests to agricultural land . . . ”
(FAO 2006Db). The differences between countries accumulat-
ing forest biomass and countries losing forest biomass are not
related to the size of the harvest, but rather to population den-
sity and income per capita with poor countries having high
population densities being most at risk for deforestation. (Uu-
sivuori et al. 2002, Kauppi et al. 2006) These and other studies
indicate that the forest products industry, especially with re-
spect to corporations using sustainable forest management
practices, is not a significant contributor to carbon losses as-
sociated with deforestation.

Sequestration in forest products in use
After manufacturing, forests products remain in use for pe-
riods varying from days to centuries. During this period, the
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carbon remains sequestered, delaying its return to the atmo-
sphere. If carbon in products is being added to the in-use pool
faster than it is being removed by the retirement of previously
manufactured products, the stocks of carbon in the products-
in-use pool will grow.

Stocks of carbon in products-in-use were estimated using
FAO data and IPCC methods and, in most cases, default pa-
rameters recommended by IPCC. The expected times-in-use
for various types of forest products were described using
IPCC’s first order equation method (IPCC 2006) and IPCC
half-lives that vary by product type (IPCC 2003). Stocks of
carbon in products-in-use were estimated for the period 1900
to 2005. The annual growth in the stocks of carbon in prod-
ucts-in-use averaged 55.4 million tonnes of carbon (approxi-
mately 200 million tonnes of carbon dioxide equivalents) per
year between 2000 and 2005.

Pingoud et al. (2003) estimated that, in the late 1990s, glo-
bal stocks of carbon in products-in-use were growing at ap-
proximately 35 million tons of carbon per year, a value 35
percent lower than the estimate developed in this analysis
(UNFCCC 2003). It appears that the estimate developed
herein is larger than the Pingoud estimate primarily due to the
use of lower product half-lives in the Pingoud study, although
some of the difference may be due to increased production in
the post-2000 period.

The global estimate derived herein can also be compared to
the estimates in the U.S. inventory of greenhouse gas emis-
sions. EPA reports that the pool of carbon in products-in-use
attributable to U.S. production, is growing at a rate of 44 mil-
lion tonnes CO, equivalents per year, an amount equal to one-
quarter to one-fifth of the amount estimated herein for the
globe (USEPA 2007). The United States produces about one-
quarter of global output of sawnwood, paper, and paperboard
products (FAO 2005), suggesting that the global estimate de-
rived above is reasonable.

Sequestration in forest products in landfills

After use, products are recycled or discarded. The end-of-
life management of waste materials varies greatly among
countries and even within countries. In most countries, how-
ever, some of the discards are placed in landfills. In many
cases, these landfills are anaerobic, which provides an envi-
ronment wherein many forest products decay only slowly, if
at all. As a result, the amounts of carbon in MSW landfills are
increasing with time.

Accounting for the carbon remaining in landfills involves
developing a landfill mass balance for carbon. The carbon in
new discards to landfills is netted against carbon lost in gas,
both in methane and carbon dioxide. If the losses of carbon in
gas are smaller than the carbon in new discards, the stocks of
carbon in the landfills are growing. Using estimates of dis-
cards derived from the calculations for products-in-use and
landfill decay calculations described above, it is estimated
that from 2000 to 2005, the stocks of carbon in forest products
in landfills were increasing by an average of 92 million tonnes
of carbon (approximately 340 tonnes of carbon dioxide
equivalents) per year.

In this assessment, landfill methane emissions attributable
to paper and wood products (250 million tonnes CO, equiva-
lents per year) are approximately offset by net sequestration
attributable to those same products (340 million tonnes CO,
equivalents per year). This finding is similar to that found in a

OCTOBER 2007



study of forest products and waste management in Finland
(Pingoud et al. 1996).

Avoided emissions associated
with the forest products life cycle

Avoided emissions are those that would have occurred in
the absence of an activity. Avoided emissions are fundamen-
tally different from the other components of the industry’s
profile (described above). Direct emissions, indirect emis-
sions and movements of forest carbon into and out of the at-
mosphere are measurable. They do not require assumptions
about alternative activities or speculation about what might
have happened if things had been done differently. Avoided
emissions, on the other hand, represent what might have hap-
pened if things had been done differently.

Estimates of avoided emissions are inherently uncertain be-
cause they require assumptions about events that would have
occurred were it not for activities that are in place or assumed
to occur under business-as-usual conditions. Uncertainty not-
withstanding, avoided emissions estimates can provide in-
sights into important attributes of the forest products indus-
try’s carbon and greenhouse gas profile and the public poli-
cies that influence it. The question of whether avoided
emissions should be included in greenhouse gas balance
sheets is beyond the scope of this paper.

Sixty-three percent of the fuel used by the wood products
industry and 49 percent of the fuel used by the pulp and paper
industry is biomass-derived (WBCSD 2005). This is far more
than any other major industry. When these fuels are burned,
they return carbon to the atmosphere that was only recently
removed from the atmosphere. As a result, biomass fuels are
carbon-neutral. In contrast, fossil fuels put carbon into the at-
mosphere that has not resided there for millions of years, caus-
ing increases in atmospheric CO, levels. If the forest products
industry used fossil fuels to satisfy the energy needs now sat-
isfied by biomass fuels, its net direct emissions would be sig-
nificantly larger. Assuming one-half of the fuel used by the
forest products industry is biomass-derived and assuming that
one M1J of fossil fuel produces as much usable energy as 1.25
MJ of biomass fuel, the approximate magnitude of these
avoided emissions is estimated to be approximately 175 mil-
lion tonnes of CO, per year.

Combined heat and power, or CHP, systems involve the
sequential use of steam to produce electricity and then heat,
usually in steam that is used in pulping and paper-making pro-
cesses. CHP systems extract far more usable energy from fu-
els compared to systems that produce steam and electricity
separately. USEPA indicates that CHP systems typically in-
crease overall efficiencies by perhaps 50 percent and reduce
fuel requirements by 35 percent (USEPA 2006b). CEPI has
estimated that the CHP systems in the European pulp and pa-
per industry allow energy savings of 30 to 35 percent (CEPI
2005). Assuming a scenario representing the industry’s activi-
ties in the absence of CHP systems, where the industry would
cease producing electricity and instead would purchase all
electricity needed by the industry, leads to greater indirect
emissions associated with purchased electricity.

The European paper industry produces about 46 percent of
its net electricity consumption. Since approximately 93 per-
cent of this is produced in CHP systems, about 43 percent of
net consumption is produced in CHP systems (CEPI 2005,
2006). In the United States, approximately 89 percent of the
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electricity generated by pulp and papermills is generated in
CHP systems, representing 40 percent of net electricity con-
sumption (DOE 2002). Using the lower of the two values
(40%), we estimated that electricity purchases and the associ-
ated indirect emissions from pulp and papermills would in-
crease by 67 percent (= 40/60) if CHP systems were not used.
This increase amounts to approximately 95 million tonnes
CO, per year in avoided indirect emissions associated with
purchased power.

The effects of paper recycling on carbon and greenhouse
gases are complex. Paper recycling can keep discarded paper
out of MSW landfills, where it would decay, resulting in the
release of methane. On the other hand, if the alternative to
recycling is burning for energy, recycling can eliminate the
opportunity to displace fossil fuel with a biomass energy
source. In either case, keeping carbon out of landfills also
eliminates carbon sequestration in landfills. The interactions
between avoided methane emissions, displaced fossil fuel
emissions from burning used paper (or landfill methane), and
forgone landfill carbon sequestration are highly grade- and
site-dependent.

Furthermore, recycling mills sometimes release more
greenhouse gases than virgin mills since recycling mills have
less access to biomass fuels and are less likely to have equip-
ment that is readily suited to burning them for energy. The
differences in these direct emissions, however, are extremely
dependent on the grades of paper being considered.

Recycling also reduces the need for virgin pulpwood fiber,
potentially allowing additional carbon sequestration in the
forest. The effects of recycling on forest carbon, however, are
not as straightforward as sometimes thought. Activities that
reduce the demand for virgin fiber can increase the chances
that land will be converted from forests to other uses, resulting
in the loss of large amounts of carbon. Or a loss in demand for
pulpwood may result in a decision to delay harvesting only
until the trees become large enough to be used as sawtimber,
at which point the harvesting eliminates some of the seques-
tration in the forest but adds to sequestration in long-lived
building products. The factors that affect the impacts of recy-
cling on forest carbon are complex and difficult to quantify
but can be important.

The authors are aware of only one study that attempts to
deal with most of these factors. A study by USEPA suggests
that, even considering these various factors, recycling can
have carbon and greenhouse gas benefits (USEPA 2002). The
impacts are highly grade-specific, however. In addition, the
results would be very different in a setting where waste man-
agement practices are different from those in the United
States. Based on current studies, it appears that in many cases
and at current recycling rates, paper recycling helps avoid life-
cycle emissions of greenhouse gases (although there are
exceptions).

As noted earlier, by using the methods for estimating land-
fill methane emissions, and setting the assumed degradation
rate for wood products to zero, we determined that paper and
paperboard products were responsible for 150 million of the
250 million tonnes CO, equivalents of methane emissions at-
tributable to forest products in landfills. Of the 352 million
tonnes of paper and paperboard produced globally in 2005,
162 million tonnes, or 46 percent, was recovered rather than
being disposed (FAO 2006a). Accordingly, the methane
emissions attributable to paper and paperboard in landfills
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would approximately double if the paper currently recovered
was disposed instead. The resulting estimate of avoided emis-
sions attributable to paper recycling is, therefore, 150 million
tonnes CO, equivalents per year, an estimate that admittedly
does not consider the various complexities noted above.

Forest products compete in the marketplace with alternative
products that often have very different greenhouse gas and
carbon profiles. As a result, when forest products either dis-
place, or are displaced by, other products, there can be effects
on global greenhouse gas emissions. These “substitution ef-
fects” are very product specific. Even for a single type of
product, substitution effects will vary according to local
conditions.

In the case of building products, a number of studies have
found that for residential structures with comparable heating
and cooling requirements, wood-based structures usually
have lower life cycle greenhouse gas emissions than many
alternative structures. See, for instance, Richter and Sell 1993,
Peirquet et al. 1998, Borjesson and Gustavsson 2000, Scharai-
Rad and Welling 2002, Lenzen and Treloar 2002, Athena
2004, Gustavsson and Sathre 2006, Gustavsson et al. 2006,
NCASI 2006, and the CORRIM studies described in Lippke et
al. 2004, Perez-Garcia et al. 2005, and Puettmann and Wilson
2005. In the U.S. alone, the use of wood-based construction in
the walls of single-family homes avoids an estimated 9.6 mil-
lion tons of CO, emissions per year (NCASI 2006). The size
of'the impact, however, can vary greatly depending on a num-
ber of factors including assumptions about end-of-life man-
agement (Borjesson and Gustavsson 2000), and about forest
carbon impacts (Gustavsson et al. 2006, NCASI 2006). Local
climate will also affect the potential advantages of wood-
based building materials.

The results for other types of products, however, can be
very different and are affected by local conditions (e.g., waste
management practices, sources of electrical power, etc.). The
number of potential substitution effects and the number of lo-
cal conditions that affect them are too numerous to contem-
plate. It was not possible, therefore, to generate a meaningful
estimate of global avoided emissions due to substitution ef-
fects for this study. It is important to remember, however, that
these effects can be considerable for specific products and
circumstances.

There is a large number of other avoided emissions that
can be identified in the forest products life cycle. Some of
these are listed here without any attempt to estimate their
significance:

— The use of nonrecyclable paper as biomass fuel, dis-
placing fossil fuel

— The use of landfill-derived methane as biomass fuel,
displacing fossil fuel

— The forest clearing that is avoided because the industry
provides a market for wood

Discussion of the carbon and greenhouse
gas profile of the forest products industry

The size of the individual components of the industry’s
greenhouse gas and carbon profile, and the relative uncertain-
ties, based on the authors’ judgment, are summarized in Table
1. The table clearly illustrates the many complex and impor-
tant connections of the forest products industry to the climate
change issue.
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Direct emissions are an important part of the industry’s glo-
bal profile, estimated to be 262 million metric tonnes per year
of CO, equivalents per year. These emissions would be
greater by as much as 175 million metric tonnes of CO, per
year were it not for the industry’s use of biomass fuels. The
industry in a number of regions has identified opportunities
for further improvement in this area. The European paper in-
dustry, for instance, has a target of increasing average use of
biomass from 49 percent to 56 percent of on-site total primary
energy consumption by 2010 (CEPI 2003).

In most parts of the world, the forest products industry’s
direct emissions intensity (i.e., direct emissions per ton of pro-
duction) has improved over the years. This has been accom-
plished by improving energy efficiency and substituting bio-
mass fuels for fossil fuels. In Europe, absolute emissions have
increased even though emissions intensity has improved
(CEPI 2005). In Canada, on the other hand, emissions inten-
sity since 1990 has improved faster than production has
grown, providing reductions in both emissions intensity and
absolute emissions (FPAC 2006). Absent major technological
breakthroughs, it is reasonable to assume that the industry’s
emissions intensity will continue to improve at about the same
rate as production growth, allowing the industry’s direct emis-
sions to remain constant.

A number of factors will affect the industry’s ability to con-
tinue to improve direct emissions intensity. First, fossil fuel
prices have increased dramatically in recent years, providing
an added incentive for conserving energy and increasing use
of biomass fuels (although the availability of relatively cheap
coal and the cost of biomass may complicate attempts to fore-
cast emission trends). The industry’s ability to increase use of
biomass as a raw material and fuel will depend on the contin-
ued availability of adequate supplies of affordable wood fiber.
In some regions of the world, supplies of forest biomass ap-
pear to be adequate to support the forest products industry and
allow significant growth in the use of forest biomass-based
fuels. In other regions, however, concerns have already devel-
oped over competition for wood fiber caused by incentives to
produce biomass-based electricity, illustrating the need for
balanced public policies that do not distort the market for for-
est biomass.

Indirect emissions associated with purchased electricity are
a significant component of the industry’s greenhouse gas pro-
file, amounting to an estimated 193 million metric tonnes CO,
per year. The industry’s demonstrated ability to use CHP to
avoid, at present, approximately 95 million metric tonnes of
CO, per year, suggests the value of policies to encourage ex-
panded use of CHP in the industry. In addition, as electricity
prices increase, mills may have additional incentives to pro-
duce, rather than purchase, electricity. It is also important,
however, to consider the effects of energy conservation on
electricity production. The primary effect of improving en-
ergy efficiency in a pulp and papermill is usually to reduce the
demand for process steam. Since less steam is needed, less is
available for producing electricity via CHP.

Indirect emissions are also affected by the practices of com-
panies selling electricity to the forest products industry.
Power producers may have incentives in the future to reduce
the emissions intensity of the power they produce, although
this is not guaranteed since some experts are predicting in-
creased use of coal for power production in many parts of the
world. Without a change in the carbon intensity of purchased
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Table 1. — Summary of the greenhouse gas and carbon profile of the global forest products industry.

Million tonnes
CO, equivalents

per year * Degree of uncertainty (authors’ judgment)

2 Fuel consumption at pulp and papermills 205 +—15%

£ Fuel consumption at wood products facilities 25 +=25%

‘E Management of mill wastes 20 +=25%

)

v Secondary manufacturing operations (i.e., converting primary 12 +-50%

£ products into final products)

S Total direct emissions 262 +—=20%
Electricity purchases by pulp and papermills 140 +=25%
Electricity purchases by wood products facilities 40 +—50%

2 Electricity purchases by secondary manufacturing operations (i.c., 13 +/—50%

2 converting primary products into final products)

E Harvest and transport emissions from the pulp and paper value 40 +=50%

e chain

é Harvest and transport emissions from the wood products value 30 +—50%

2 chain

™ Methane emissions from forest products decomposition in 250 —50% to +100%

anaerobic municipal solid waste landfills
Total indirect emissions 513 +=50%

= Sequestration in sustainably managed forests —60 +/— a factor of 2 or more

=]

£ Sequestration resulting from establishment of new managed forests 0 +/— several hundred million tonnes sequestration per year

‘5 Sequestration in products in use -200 +—50%

% Sequestration in products in landfills 340 +—50%

“ Total sequestration —600 —50% to + several hundred million tonnes sequestration per year

‘2 Avoided direct emissions associated with the use of biomass fuels —-175 +/— a factor of 2

'é Avoided indirect emissions related to the use of combined heat and —95 +/— a factor of 2

‘e power systems

=

° Avoided indirect emissions associated with recycling paper —-150 More than +/— a factor of 2

:E Avoided indirect emissions associated with product substitution ? ?

2 effects

“Negative emissions indicates net sequestration

®Avoided emissions are included to illustrate a number of important interactions between the forest products industry and the global carbon cycle. The question
of whether avoided emissions should be included in greenhouse gas balance sheets is beyond the scope of this paper.

power, it seems unlikely that the indirect emissions associated
with electricity purchased by the forest products industry will
decline.

At the global level, transportation-related emissions, esti-
mated to be 70 million metric tonnes CO, per year, are not a
dominant feature of the forest product industry’s greenhouse
gas and carbon profile. For specific products or companies,
however, these emissions can be significant, so they cannot be
ignored. In addition, the continued globalization of the indus-
try and the trend to move production from consuming coun-
tries to low-cost regions that are distant from major markets
suggest that transportation-related emissions will become
more important to the industry’s greenhouse gas and carbon
profile in the future.

In spite of the uncertainties in the estimates, it is clear that at
the global level methane emissions from MSW landfills are a
significant feature of the industry’s greenhouse gas and car-
bon profile, although their significance will vary greatly
among regions depending on paper recovery and waste man-
agement practices. In this study, it is estimated that 250 mil-
lion tonnes CO, equivalents per year are released from land-
fills as the result of the decomposition of forest products. The
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industry’s paper recycling activities are estimated to avoid re-
leases of methane equal to 150 million tonnes of CO, equiva-
lents per year. Methane emissions are large primarily because
of (a) economic forces and public policies that result in many
used forest products being disposed in MSW landfills, and (b)
the still modest extent of use of systems to capture and burn
landfill methane. Both of these factors are outside of the in-
dustry’s control. Current trends in waste management, how-
ever, give reason for hope that landfill methane emissions at-
tributable to discarded forest products will decrease over time.
In 2003, MSW methane emissions in the EU-15 had been re-
duced by 36 percent compared to 1990 (EC 2005). In the U.S.,
landfill methane emissions decreased by 18 percent between
1990 and 2004 while in Japan the reduction was 34 percent
(USEPA 2006a, MOE 2006). It is reasonable to project, there-
fore, that over time, methane from MSW landfills will be-
come a less important feature of the forest product industry’s
greenhouse gas and carbon profile.

On balance, the methane emissions from landfills attribut-
able to forest products approximately balance the net seques-
tration of carbon in forest products deposited in landfills. This
overall balance, however, obscures the different effects of
different types of forest products. The available information
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suggests that most of the methane is likely attributable to
products that are low in lignin, are uncoated, or are otherwise
unprotected against microbial attack. On the other hand, most
of the sequestration in landfills is likely due to materials that
are high in lignin (e.g., wood and newsprint) or are in a physi-
cal form that discourages microbial attack (e.g., pieces of
solid lumber or coated papers).

In this study, total life-cycle emissions are estimated to be
approximately 775 million metric tonnes of CO, equivalents
per year, although there is considerable uncertainty in this es-
timate due to uncertainty in the amounts of methane attribut-
able to the decomposition of forest products in landfills. These
emissions are comprised of direct emissions (34%), indirect
emissions associated with purchased power (25%), transpor-
tation-related emissions (9%) and methane from forest prod-
ucts in MSW landfills (32%). Adding up direct emissions and
emissions related to purchased power, one finds that 59 per-
cent of the life-cycle emissions are manufacturing-related.

The sequestration benefits of the forest products life cycle
are large. Over long periods of time and large land areas, it is
not expected that managed forestlands will accumulate sig-
nificant amounts of carbon, although at the current time, man-
aged forests appear to be accumulating carbon. In this study,
an estimate for net sequestration in managed forests is used
that includes only documented sequestration on a fraction of
private timberland in the United States, amounting to 60 mil-
lion tonnes CO, equivalents per year. On a global basis, net
sequestration on managed land may be significantly higher
than this.

The net sequestration in forest products, in use and in land-
fills, is estimated to be the equivalent of 540 million tonnes of
CO, per year. The carbon stored in forest products is ex-
tremely important to the carbon profile of the forest products
industry and this carbon will almost certainly become even
more important over time as consumption of forest products
increases due to growing global population and increasing
standards of living.

Thus, total net annual carbon sequestration throughout the
forest products life cycle is estimated to be at least 600 million
tonnes CO, equivalents per year. Considering the uncertainty
in the estimates, this sequestration is in approximate balance
with the emissions that occur throughout the forest products
life cycle (775 million metric tonnes CO, per year). It is ex-
pected that this balance will continue to improve in coming
years because of (a) continuing reductions in direct emissions
intensity of manufacturing, (b) likely reductions in the carbon
intensity of purchased power, (c¢) expanded efforts to keep de-
gradable materials out of landfills and to capture and destroy
landfill methane, and (d) increasing carbon sequestration in
products due to increasing population and standards of living.

The carbon and greenhouse gas benefits of product substi-
tution are highly variable and extremely difficult, if not im-
possible, to estimate at the global level. They should not be
ignored, however, because, it may be possible to estimate the
effects of product substitution at the regional or local level,
and these effects can be significant, as has been documented
in many studies of wood-based building products.

In 1999, Subak and Craighill examined the carbon and
greenhouse gas profile of the global paper industry (Subak
and Craighill 1999) and their estimates were used extensively
by IIED in its report, “Towards a Sustainable Paper Cycle”
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(IIED 1996). Because the current study covers the global
forest products industry (paper and wood products) while
the Subak and Craighill study covered only the paper industry,
a direct comparison of the individual estimates from the
two studies is not possible for most of the components of the
profile.

Perhaps the most important differences between the two
studies are related to carbon in products. Subak and Craighill
did not examine the effects of carbon in products while in this
study we used IPCC accounting methods to examine this fea-
ture of the industry’s global profile. The results indicate that
the equivalent of 540 million metric tonnes per year of CO, is
sequestered in forest products in use and in landfills. Over
very long periods, most of this carbon will return to the atmo-
sphere, but for the foreseeable future (perhaps centuries), car-
bon will be added to the pool of carbon in products at rate that
greatly exceeds the rate at which it returns to the atmosphere.
This is expected because global demand for products is in-
creasing in response to improving standards of living and in-
creasing global population.

The differences between the scopes of the two studies result
in the studies coming to somewhat different conclusions.
Subak and Craighill conclude that the global paper industry is
a net emitter of greenhouse gases while this study suggests
that, considering the uncertainty in the estimates, the global
forest product industry’s emissions are largely, and perhaps
entirely, offset by carbon sequestration. Furthermore, this
study suggests that it is likely that sequestration will become
larger while life-cycle emissions will diminish. To appreciate
the attributes of the industry’s profile, this study also suggests
that it is important to understand the avoided emissions re-
lated to biomass use, combined heat and power systems, paper
recycling, and substitution effects, especially for wood-based
building products.

Conclusions

The industry’s carbon and greenhouse gas profile is com-
posed of emissions, sequestration and avoided emissions.
Global life-cycle emissions associated with forest products
are comprised of direct emissions (260 million metric tonnes
CO, per year), indirect emissions associated with electricity
purchases (190 million metric tonnes CO, per year), harvest-
and transport-related emissions (70 million metric tonnes CO,
per year) and methane from discarded forest products in land-
fills (250 million metric tonnes CO, equivalents per year).
Carbon is sequestered in managed forests (net increases
equivalent to at least 60 million tonnes CO, per year) and for-
est products (540 million tonnes CO, equivalents per year).
Avoided emissions, which represent other important interac-
tions between the forest products industry and the global car-
bon cycle, are associated with the industry’s use of biomass
fuels, combined heat and power, recycling, and product sub-
stitution effects. The available data demonstrate that, at the
global level, the greenhouse gas emissions associated with the
forest products life cycle are largely offset by the sequestra-
tion accomplished in forests and forest products.

Because of data gaps and uncertainties in the estimates, es-
pecially as regards carbon in forests and methane emissions
from landfills, it is not clear whether sequestration is some-
what larger than, or somewhat smaller than, life-cycle emis-
sions. Additional work is needed to reduce the uncertainties in
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the estimates at several points in the life cycle. The uncertain-
ties are especially large for (a) transportation-related emis-
sions, (b) carbon sequestration in land owned, controlled or
managed by the industry, and (c) methane emissions attribut-
able to decomposition of forest products in landfills.

The global life-cycle emissions from forest products are ex-
pected to decline slowly over time as increases in emissions
related to production growth are offset by improvements in
the emissions intensity of manufacturing and reductions in
methane releases from landfills. Sequestration, especially in
products, is expected to become an even more important of the
industry’s profile as demand for products increases because of
population growth and increasing standards of living. If this
growth also involves the substitution of wood-based products
for more greenhouse gas-intensive products, significant ben-
efits may occur via avoided emissions.

Improvements in the industry’s greenhouse gas and carbon
profile will require a combination of industry activities and
public policies. Industry can assist by reducing the use of fos-
sil fuels and electricity through energy efficiency improve-
ments and increased use of biomass. This will require industry
investments and public policies that ensure the continued
availability of adequate supplies of affordable biomass for use
as raw material and fuel. Public policies directed at sectors
outside of the forest products industry will play a large role in
several critical areas. Policies that minimize the use of land-
fills for disposing of easily degradable forest products will
continue to be important, as will policies that encourage the
use of landfills designed and operated to minimize releases of
methane. Also helpful will be policies that encourage addi-
tional use of CHP and provide new opportunities for export-
ing biomass-derived electricity to the grid. Finally, where
substitution effects are found to be important, public policies
that promote the use of the least greenhouse-gas intensive
products may be appropriate.
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