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Four research-based insights are essential to understanding forest bioenergy and “carbon debts.” (1) As long
as wood-producing land remains in forest, long-lived wood products and forest bioenergy reduce fossil fuel use
and long-term carbon emission impacts. (2) Increased demand for wood can trigger investments that increase
forest area and forest productivity and reduce carbon impacts associated with increased harvesting. (3) The
carbon debt concept emphasizes short-term concerns about biogenic CO2 emissions, although it is long-term
cumulative CO2 emissions that are correlated with projected peak global temperature, and these cumulative
emissions are reduced by substituting forest bioenergy for fossil fuels. (4) Considering forest growth, investment
responses, and the radiative forcing of biogenic CO2 over a 100-year time horizon (as used for other greenhouse
gases), the increased use of forest-derived materials most likely to be used for bioenergy in the United States
results in low net greenhouse gas emissions, especially compared with those for fossil fuels.

Keywords: biogenic emissions, biomass energy, carbon debt, carbon dioxide, forestry investment, forest
landowner, greenhouse gas, wood markets, wood products, wood fuel

A large and rapidly growing body of
research focuses on the greenhouse
gas (GHG) impacts of using forest

bioenergy to substitute for fossil fuel and
wood building products to substitute for
concrete and steel, materials that require
greater amounts of fossil fuel to produce
than wood products. Forest bioenergy re-
search on GHG impacts, especially from
carbon dioxide (CO2), sometimes produces
widely varying and occasionally contradic-
tory results. Differences can usually be ex-
plained by understanding the data used, the
scenarios examined, the analytical frame-

work employed, and the assumptions used
in the analyses (e.g., see Cherubini et al.
2009, Lamars and Junginger 2013). In this
review, we examine research on the GHG
impacts of energy derived from forest bio-
mass, which, for the purposes of this review,
includes all parts of the tree, living and dead.
The objective is to reveal insights that allow
improved interpretation of research in this
area. Our review is focused on the account-
ing for biogenic carbon and biogenic CO2

and the potential impacts of CO2 on global
temperatures. Other concerns related to ele-
vated atmospheric CO2 (e.g., ocean acidity)

are not addressed. GHGs other than CO2

are discussed where relevant. This review
does not address other aspects of using forest
biomass for energy, such as the ecological
implications of more intensive management
for production of forest biomass. A number
of potential issues have been identified re-
garding the sustainability of forest biomass
removal including ecosystem structure, nu-
trient and carbon balances, biodiversity, and
aquatic system impacts (e.g., see Berger et al.
2013). Biomass harvesting guidelines that
attempt to address such issues are being de-
veloped (Evans et al. 2013a).

A Brief Review of the Research
and Debate about GHG
Benefits of Forest-Derived
Energy

A review of research on GHG impacts
of forest bioenergy reveals a 25-year transi-
tion from work that created a basic under-
standing of the life cycle benefits of displac-
ing fossil fuels with forest biomass, to
research focused on the timing of these ben-
efits, and finally to research demonstrating
the importance, in many settings, of markets
and investment responses to the GHG mit-
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igation benefits of forest bioenergy and the
timing of those benefits.

Research on GHG mitigation benefits
of forest bioenergy and the timing of those
benefits extends back to at least the late
1980s (e.g., see Marland 1989). By 1990, in
its First Assessment Report, the Intergovern-
mental Panel on Climate Change (IPCC)1

had identified a number of “short-term” for-
est-based options for limiting GHG emis-
sions, including,

Partially replac[ing] fossil energy sources
[with] sustainably managed sources of bio-
mass which would reduce net emissions of
additional CO2 (IPCC 1990, p. 80)

In the 1990s, Marland and Schlama-
dinger (Schlamadinger and Marland 1996,
Marland and Schlamadinger 1997) re-
searched the temporal dynamics of forest
systems to store carbon and to produce
wood to displace fossil fuels either directly,
via use as fuels, or indirectly, via displace-
ment of more fossil fuel-intensive products.
A key finding from their work was that

The relative effectiveness of alternative for-
est and bioenergy strategies and their im-
pact on net C [carbon] emissions strongly
depend, for example, on the productivity of
the site, its current usage, and the efficiency
with which the harvest is used (Schlama-
dinger and Marland 1996, p. 275)

They also highlighted

the importance of C sequestration as a func-
tion of time. In some…scenarios, biofuels
strategies result in long-term benefits in net
C fluxes despite small or negative benefits in
the early stages (Schlamadinger and Mar-
land 1996, p. 294)

Thus, by the mid-1990s, although the
term “carbon debt” had not yet been coined,
the concept was clearly understood, i.e., as a
situation in which net emissions increase in
the short term before long-term benefits are
realized.

Through the 1990s and into the early
2000s, research into the mitigation potential
of forests and forest-derived products ex-
panded enormously. In the Fourth Assess-
ment Report issued in 2007, IPCC synthe-
sized research on the use of forests and forest
products for GHG mitigation and con-
cluded that

In the long-term, a sustainable forest man-
agement strategy aimed at maintaining or
increasing forest carbon stocks, while pro-
ducing an annual sustained yield of timber,
fiber or energy from the forest, will generate
the largest sustained mitigation benefit.
Most mitigation activities require up-front
investment with benefits and co-benefits

typically accruing for many years to decades
(Nabuurs et al. 2007, p. 543)

The timing of impacts and benefits was
characterized in a general way with a graphic
depicting the benefits from using forest-de-
rived materials as being sustained, repeat-
able, and ongoing (Nabuurs et al. 2007, p.
550). Other than a brief mention of the use
of purpose-grown plantation wood for en-
ergy, the IPCC 2007 report did not specifi-
cally address the use of industrial round-
wood for energy. Instead, it highlighted
forest-related fossil fuel displacement oppor-
tunities from using forest residues for fuel
and using wood to displace more fossil fuel-
intensive building materials (Nabuurs et al.
2007).

In 2012, IPCC released a report on re-
newable energy (IPCC 2012). In the chapter
dealing with biomass energy, IPCC reiter-
ated the findings of earlier assessments while
elaborating on the conditions needed to en-
sure benefits from biomass energy; namely,
sustainable production, efficient utilization,
and retaining or increasing land-based car-
bon stocks.

In the early 2000s, a number of devel-
opments led to growing anxiety about the
extent to which whole trees might be used
for energy and the effects this would have on
forests and wood markets. In the United
States, there was a flurry of activity on Re-
newable Portfolio Standards (RPS), with 18
states launching or modifying programs be-
tween 2004 and 2006 (Wiser et al. 2007). In
the European Union (EU), subsidies were
already in place to encourage the use of re-
newable energy, including biomass (Interna-

tional Energy Association 2014), and in
2009 an EU-wide program was established
under the Renewable Energy Directive
(RED), requiring 20% of the energy con-
sumed in the EU to be renewable by 2020
(EU 2009). As the RED was being crafted,
the European paper industry conducted a
study

demonstrat[ing] that achieving the target of
generating 20% of Europe’s energy from
renewable sources by 2020…would create a
shortfall in the supply of wood from EU
forests (Confederation of European Paper
Industries 2007, p. 2)

As the EU demand for wood fuel in-
creased, some of the supply came from out-
side of the EU. Wood pellets were often fa-
vored because they ship well and can be
burned without major modifications to boil-
ers. Much of the import demand for pellets
has been satisfied by North America. Pellet
exports to Europe more than doubled from
2011 to 2013, with the US South account-
ing for 63% of the North American export
volume (Wood Resources International
2014). Feedstocks for pellets include not
only residual materials but also small round-
wood (Spelter and Toth 2009).

Increased interest in liquid biofuels in
the United States under the updated Renew-
able Fuel Standard (40 CFR 80 subpart M)
and in the EU under new sustainability cri-
teria (EU 2009) focused attention on the
GHG attributes of liquid biofuels. Several
researchers pointed out the potential for a
considerable carbon debt if the feedstocks
for liquid biofuels were produced under
conditions that caused large losses in ecosys-

Management and Policy Implications

Wood products and energy resources derived from forests have the potential to play an important and
ongoing role in mitigating greenhouse gas (GHG) emissions. The methods used to characterize the
mitigation benefits of using biomass for energy, however, are being debated without considering some
key insights from published research studies. Many recent proposals for biogenic carbon accounting are
based on a narrow analysis of the short-term and direct GHG emissions impacts of using forest biomass.
This review suggests that a broader view of forest-based activities is needed. Of particular importance to
understanding the emissions impacts of increased use of biomass from forests are fossil fuel substitution
effects, markets for wood, causes for ongoing gains and losses in forest area and forest carbon,
landowners’ motivations, benefits and timing of investments in forestry, and the warming impact of
near-term and long-term increases in CO2 emissions. Studies that consider forest growth dynamics,
landowner investment responses, and the warming impacts of biogenic CO2 over a time horizon consistent
with that used for other GHGs reveal low warming impacts from biogenic CO2 associated with increased
use of the types of forest biomass most likely to be used for energy in the United States. Such studies
also show, for roundwood in particular, the importance of investment responses in contributing to low net
emissions.
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tem carbon stocks, e.g., via deforestation
(Fargione et al. 2008, Gibbs et al. 2008).

Concerns about deforestation and the
prospect of roundwood used as fuel caused a
reassessment of the methods used to calcu-
late the carbon benefits of biomass fuels. In
2009, a Policy Forum contribution in the
journal Science attracted headlines when it
suggested that a lack of attention to the tim-
ing of benefits from biomass energy, land-
use change, and international transfers of
carbon had created a “critical climate ac-
counting error” (Searchinger et al. 2009).

In the United States, the search for op-
tions to meet RPS led to additional scrutiny
of the GHG benefits of forest bioenergy. In
2010, the Manomet Report was released. It
was later summarized in the peer-reviewed
literature (Walker et al. 2013). Manomet ex-
amined a range of scenarios for producing
forest bioenergy in Massachusetts. The for-
est bioenergy systems showed net benefits
with lag times ranging from a few years to
many decades, depending on the type of bio-
mass used (residuals or roundwood) and the
fossil-fuel energy system being displaced.
Based on the modeling framework, scenar-
ios, and assumptions used in the analysis, the
times required to show net benefits from us-
ing whole trees to displace fossil fuel were
calculated to be 45–75 years, prompting an
Associated Press headline “Wood Worse
Polluter Than Coal” (LeBlanc 2010).

The studies that have captured head-
lines, however, represent only a small frac-
tion of the work that has been, and is still
being, performed to understand the GHG
impacts of using biomass for energy. Many
of the studies now being done represent
elaborations on the initial findings from the
work in the 1990s in that they focus on di-
rect carbon impacts and show net GHG
benefits from using forest-derived biomass
for energy, with the time required to see
benefits ranging from zero years to many
decades and sometimes longer (e.g., see
McKechnie et al. 2011, Lippke et al. 2012,
Mitchell et al. 2012, Zanchi et al. 2012, Ag-
ostini et al. 2013, Lamars and Junginger
2013).

Most recently, IPCC reviewed the cur-
rent state of knowledge on biomass energy in
the IPCC Fifth Assessment Report (Smith et
al. 2014). This material expands on the find-
ings of the Fourth Assessment Report by ex-
amining the many factors that affect the net
GHG benefits of biomass energy. It states
that

Bioenergy could play a critical role for cli-
mate change mitigation, if conversion of
high carbon density ecosystems (forests,
grasslands and peatlands) is avoided and
best-practice land management is imple-
mented (Smith et al. 2014, p. 6)

Well-established findings regarding the
timing of benefits from forest-based energy
are reiterated in the report in a statement
indicating that

…in the specific case of existing forests that
may continue to grow if not used for bioen-
ergy, some studies employing counterfac-
tual baselines show that forest bioenergy
systems can temporarily have higher cumu-
lative CO2 emissions than a fossil reference
system… (Smith et al. 2014, p. 89)

The report highlights the low life cycle
GHG emissions associated with biomass en-
ergy produced from residues and fast-grow-
ing tree species. Also noted are (1) the im-
portance of combined biomass energy and
carbon storage and sequestration systems for
meeting long-term emissions targets, (2) the
life cycle GHG benefits of sustainably pro-
duced long-lived wood products, (3) the
variable timing in forest-based mitigation,
and (4) the need for active forest manage-
ment, especially in developed countries
where the forest carbon sink is declining as
forests mature. In discussing the role of mar-
ket forces, IPCC notes that

growing markets for tree products can pro-
vide incentives for maintaining or increas-
ing forest stocks and land covers, and im-
proving forest health through management
(Smith et al. 2014, p. 93)

At the same time, the report and annex
note the need for attention to a range of is-
sues to ensure the overall sustainability of
forest-based mitigation activities. Among
these issues are competition for land, water
availability, biodiversity, and land tenure
and land-use rights (Smith et al. 2014).

Whereas much of the research since the
1990s extends the life cycle and carbon debt
analyses to new materials and scenarios,
some of the more recent research uses a
broader, integrated assessment approach
that includes market dynamics. This allows
insights into the factors contributing to the
size and timing of benefits from forest
bioenergy. Relying on both old and new re-
search, we have identified four important in-
sights related to the GHG impacts of forest-
based energy systems. These insights are not
intended to replace the many studies that
have been performed on this topic but rather
to assist in their interpretation. These four
insights speak to (1) the consensus on long-

term GHG benefits associated with using
sustainably produced wood (meaning, in
this context, wood produced under condi-
tions ensuring sustained yields while land re-
mains in forest), (2) the importance of wood
markets in achieving near-term and long-
term GHG benefits from forests, (3) the
need to evaluate carbon debt in a framework
that also considers drivers of projected peak
global temperatures, and (4) the need to
evaluate biogenic CO2 emissions using met-
rics that are consistent with those used for
other GHGs and that reflect forest and mar-
ket dynamics. Several of these insights in-
volve timing of benefits and emissions. Re-
garding the discussion of timing in the
following material, “near term” means a few
decades or less and includes immediate im-
pacts, whereas “long-term” generally means
longer than a few decades. Not all of these
insights are recent, but all are important to
understanding the factors affecting GHG
emissions impacts associated with increased
use of forest biomass for energy and inter-
preting studies that attempt to characterize
these impacts.

Research Insight 1
As long as land remains in forest, long-

term carbon mitigation benefits are derived
from sustainably managed working forests that
provide an ongoing output of wood and other
biomass to produce long-lived products and bio-
energy, displacing GHG-intensive alternatives.

Although the timing of benefits from
substituting sustainably produced forest-
based fuels and products for more GHG-
intensive alternatives is sometimes debated
(Biomass Energy Resource Center [BERC]
2012, Mitchell et al. 2012, Walker et al.
2013), the fact that these ultimate benefits
exist is not. Agreement on this issue is based
on an extensive body of research, dating at
least to the mid-1990s (Schlamadinger and
Marland 1996, Marland and Schlamadinger
1997), and reinforced by many more recent
studies and reviews. Two types of substitu-
tion effects have been the most researched:
forest-based energy as a substitute for fossil
fuels (Nabuurs et al. 2007, Kirkinen et al.
2008, Nicholls et al. 2008, Bauen et al. 2009,
Cherubini et al. 2009, Jones et al. 2010,
Malmsheimer et al. 2011, McKechnie et al.
2011, Daigneault et al. 2012, Gaudreault et al.
2012, IPCC 2012, Lippke et al. 2012, Mitch-
ell et al. 2012, Nepal et al. 2012, 2014, Repo et
al. 2012, Zanchi et al. 2012, Agostini et al.
2013, Gaudreault and Miner 2013, Lamars
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and Junginger 2013, White et al. 2013,
Dwivedi et al. 2014, Smith et al. 2014) and
the use of wood-based building materials in
place of alternatives (Perez-Garcia et al.
2005, Nabuurs et al. 2007, Upton et al.
2008, Oneil and Lippke 2010, Sathre and
O’Connor 2010, Malmsheimer et al. 2011,
Smith et al. 2014).

In considering the timing of fossil fuel
substitution benefits, the International En-
ergy Agency observed that

Land suitable for producing biomass for en-
ergy can also be used for the creation of
biospheric carbon sinks. Several factors de-
termine the relative attractiveness of these
two options [i.e., creating sinks or produc-
ing biomass energy], in particular land pro-
ductivity, including co-products, and fossil
fuel replacement efficiency…. A further in-
fluencing factor is the time scale that is used
for the evaluation of the carbon reduction
potential: a short time scale tends to favor
the sink option, while a longer time scale
offers larger savings as biomass production
is not limited by saturation but can repeat-
edly (from harvest to harvest) deliver GHG
emission reductions by substituting for fos-
sil fuels (Bauen et al. 2009, p. 14)

Scientific consensus on the long-term
benefits of managed forests and of sustain-
ably produced forest products and fuels led
the IPCC to highlight, as noted above, the
sustained GHG mitigation benefits from
using sustainably produced forest biomass
(Nabuurs et al. 2007, p. 543). More recently,
this conclusion has been echoed in the findings
of Ryan et al. (2010). Based on an extensive
literature review, they concluded that

strategies that combine increased use of for-
est products to offset fossil fuel use (such as
use of forest biomass energy and substitu-
tion [of wood products for steel and con-
crete building products]), in conjunction
with increasing carbon storage on forested
landscapes, are likely to produce the most
sustainable forest carbon benefits (Ryan et
al. 2010, p. 14)

Research Insight 2
The demand for wood keeps land in forest,

provides incentives for expanding forests and
improving forest productivity, and supports in-
vestments in sustainable forest management
that can help offset the forest carbon impacts of
increased demand.

Historical Context. The impacts of
forest harvesting on carbon emissions are
important yet counterintuitive. The history
of US forests shows that increased demand
can be met without reducing forested area or
forest carbon stocks. The amount of forested
area in the United States has been essentially
constant since 1900 (Alvarez 2007, Smith et

al. 2009) (Figure 1). Over this period, land
use has not been static, but losses of forest in
one place have been offset by increases else-
where. Where forest has been lost, it has
been due primarily to suburban and urban
development (Smith et al. 2009).

Forests in the United States currently
function as a carbon sink (Figure 2). This is
attributable to a stable forest area for more
than 100 years and a long history of net for-
est growth in excess of mortality and remov-
als at least since 1952 (Birdsey et al. 2006,
Smith et al. 2009). Strong markets for forest
products, evidenced by a near tripling of in-
dustrial roundwood harvests between 1900
and 1998, are also a factor as are improve-
ments in forest management practices (Ince
2000, Birdsey and Lewis 2003, Birdsey et al.
2006).

Currently the net carbon sink in the
United States is large enough to offset 14–
15% of total annual CO2 emissions in the
United States (US Environmental Protec-

tion Agency [EPA] 2013). Approximately
91% of this sink is attributable to increases
in carbon stored in forest ecosystems, and
the remaining 9% is due to increased quan-
tities of carbon stored in products in use
(e.g., wood used in construction) and in
landfills (US EPA 2013). Land clearing be-
fore the early 1900s and subsequent forest
regrowth coupled with improved forest
management and increased output of har-
vested wood products (resulting in increases
in carbon stocks in products-in-use and in
landfills) created the US forest carbon sink
(Figure 2). Although forest carbon stocks
have increased considerably since 1950s, it is
unlikely that forest area or forest carbon
stocks will return to precolonial levels due to
the need for productive agricultural land and
urban expansion.

Threats to Forest Area and Carbon
Stocks. Looking ahead, the strength of the
US forest carbon sink is expected to decline

Figure 1. Forest area in the United States has been stable since about 1900. (Data from
Alvarez 2007.)

Figure 2. US forest ecosystems are now a net sink for carbon, having rebounded from over
a century of deforestation.2
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as forests growing on previously cleared land
mature and forested land is lost to develop-
ment and other uses (Birdsey et al. 2006,
USDA 2012). In Europe, there are already
signs that the forest sink is becoming weaker
(Nabuurs et al. 2013). Because of urbaniza-
tion trends in the US South through 2060,

total forest losses are forecasted to range
from 11 million to 23 million acres, de-
pending on the rate of population growth
and the future of timber markets—low
population growth with strong timber mar-
kets would yield the smallest losses. At 7–13
percent of current forest area, these losses
would still equal nearly all the forests in
Kentucky or South Carolina at the low end
of the range, and nearly all the forests in
Georgia or Alabama at the high end (Wear
and Greis 2012, p. 23)

Climate change may increase damage
caused to forests (Joyce et al. 2014) by wild-
fire (US Department of Agriculture/US De-
partment of the Interior/National Associa-
tion of State Foresters 2009, Anderegg et al.
2013), insect outbreaks (Bentz et al. 2010),
and hurricanes (McNulty 2002, Negrón-
Juárez et al. 2010). The net sink could also
be affected by changes in wood production
and landowner responses to changes in de-
mand for wood (Hardie et al. 2000,
Lubowski et al. 2008, Abt et al. 2010, 2012,
Daigneault et al. 2012, Nepal et al. 2012,
2014, USDA Forest Service 2012, Wear and
Greis 2012, Joyce et al. 2014) as well as pub-
lic policies (Perez-Garcia et al. 2001, Beach
et al. 2005, Langpap 2006, Zobrist and Lip-
pke 2007, Zhang and Flick 2010, Van
Deusen et al. 2012, Joyce et al. 2014). Con-
tinued increases in atmospheric CO2 and
other plant nutrients will probably increase
forest growth and associated CO2 removals
from the atmosphere, although there is con-
siderable uncertainty regarding the factors
influencing this growth response (e.g., as re-
gards nitrogen availability and genetic limi-
tations) (Luo et al. 2004, Reich et al. 2006,
Denman et al. 2007, Norby et al. 2010).

The Role of Markets in Protecting
Forest Area and Forest Carbon. Against
this backdrop of concerns regarding forest
area and loss of forest carbon stocks, research
shows that demand for wood in the United
States results in investments in forestry that
help to prevent loss of forest and incentivize
afforestation (Hardie et al. 2000, Lubowski
et al. 2008). Forest area loss in the United
States is caused primarily by urbanization
and development, not demand for wood
(Lubowski et al. 2008, USDA Forest Service
2012, Wear and Greis 2012). In the face of
pressures to convert land to other uses, in-
creased wood demand in the United States
can slow the loss of forested area (USDA
Forest Service 2012, Nepal et al. 2014). Em-
pirical studies examining the economic fac-
tors affecting land-use change (e.g., Table 1)
indicate that changes in economic returns to
cropland and forestry affect the movement
of land between these two uses (Lubowski et
al. 2008). Table 1 illustrates, using land-use
elasticities, how changes in net economic re-
turns to different land-use categories result
in more or less land in forest. Land con-
stantly moves into and out of forest cover.
Approximately 4.6% of the forest on non-
federal land in the lower 48 states in 1982
was converted to other uses by 1997. Over

the same period, conversion of nonforest
land to forest offset these losses by an
amount equivalent to about 5.7% of the
1982 forest area (not considering federal
land), resulting in a small net gain in forest
area (based on data in Lubowski et al. 2008).

The benefits of investments in working
forests due to markets for wood vary region-
ally and are especially clear in the southern
United States (Nepal et al. 2014), where the
amount of softwood harvested from private
pine forests almost doubled between the
early 1950s and the late 1990s (Adams et al.
2006) while carbon stocks in these forests
remained essentially constant (Mickler et al.
2004) (Table 2). This was made possible, in
part, by investments in working forests that
greatly increased productivity and expanded
the planted pine area from 1.8 million acres
in the early 1950s to almost 32 million acres
in the late 1990s. Some of this occurred on
land not previously forested, but trends in
natural pine acreage suggest that much of
the planting of pine took place on land con-
verted from natural pine (Fox et al. 2004,
Wear and Greis 2012). Whereas the carbon
implications of this conversion are relatively
well understood, the ecological attributes of
planted forests are a matter of ongoing study

Table 1. Land-use choice elasticities for the United States: percent change in probability of land changing (a) from forest to other land
use categories and (b) from other land use categories to forest given a 1% change in net returns in the final use.

(a) Land starting in forest but ending in another category (b) Land starting in a different category but ending in forest

Final land use 1982–1987 1987–1992 1992–1997 Starting land use 1982–1987 1987–1992 1992–1997

Crops 0.21* (0.07) 0.28* (0.05) 0.29* (0.06) Crops 0.88* (0.05) 0.75* (0.07) 0.31* (0.04)
Pasture 0.10 (0.06) 0.04 (0.09) �0.01 (0.06) Pasture 0.22* (0.03) 0.08 (0.05) 0.00 (0.03)
Range 0.28 (0.23) �0.56 (3.46) 0.23 (0.33) Range 0.08 (0.36) 0.03 (0.42) 0.13 (0.91)
Urban 0.23* (0.02) 0.30* (0.07) 0.80* (0.06) Urban Essentially no land converted to forest

Adapted from Table 3 in Lubowski et al. (2008). Standard errors are in parentheses.
* Statistical significance at the 1% level. Effects were also tested at the 5% level, but this did not reveal any additional statistically significant effects.

Table 2. Despite the large increases in harvesting, carbon stocks on private softwood
timberland in the US South have remained essentially constant, due to expanded
acreage of planted pine and improved management practices.

Year

Harvesting, carbon stocks, and planted acreage on privately owned softwood
timberland in the South

Harvest (106 ft3)* Carbon (106 metric tons)† Planted pine (acres)‡

1952 2,840 923 1.8
1999 5,522 883 32
Change, 1952–1999 (%) �94 �4 �1,678

* Data are from Adams et al. (2006).
† 1999 values were assumed to be equal to the 1997 values shown in Mickler et al. (2004) for privately owned longleaf-slash,
loblolly-shortleaf, and miscellaneous conifer forest. Values for 1952 were back-calculated from data in Mickler et al. (2004) showing
the mean annual metric ton/year changes for carbon on each of these areas from 1953 to 1997.
‡ Data are from Fox et al. (2004).
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and debate (e.g., see Loehle et al. 2009, Ev-
ans et al. 2013b).

Market-related impacts have been the
focus of a number of recent studies, some
looking at a range of factors affecting land
use and some looking specifically at the
projected effects of an increase in demand
for forest biomass for energy. A study of fac-
tors affecting land use in the US South
found that “forestland share responds posi-
tively to increases in pine stumpage prices
and negatively to increases in timber pro-
duction costs” (Hardie et al. 2000, p. 670).
Another study of land-use change in the
United States found that “…the rise in tim-
ber net returns [was] the most important
factor driving the increase in forest areas be-
tween 1982 and 1997” (Lubowski et al.
2008, p. 545). A study of the impacts of
increased wood demand for bioenergy in Al-
abama, Florida and Georgia found that

…in scenarios in which prices increase,
there is more timberland area than occurs
under the baseline scenario without bioen-
ergy demand. This, in turn, leads to a
higher level of carbon sequestration in the
standing forest than occurs with the base-
line scenario (Abt et al. 2012, p. 536)

Another study of land-use impacts at-
tributable to increased use of wood for en-
ergy found that “[h]igher timber prices lead
to new investments in forestry, and in par-
ticular in new forestlands in the uncon-
strained land scenario” (Daigneault et al.
2012, p. 5669). This same study projected
that, as a result of increased wood demand
for energy, US forest area could expand by 4
to 8.6 million acres by 2015 and 11.9 to
26.9 million acres by 2030 (Daigneault et al.
2012).

A recent assessment by the USDA For-
est Service predicted losses in US forest area
through 2060 due primarily to urbaniza-
tion, noting that

[f]orest area losses are most pronounced
under…scenarios, in which population-
and income-driven urbanization consumes
rural lands at the highest rate. The acceler-
ation of forest loss for [an historical bioen-
ergy demand scenario] relative to [a compa-
rable high bioenergy demand scenario]
reflects the role that strong wood products
markets can have on retaining or even ex-
panding forestland in parts of the United
States (USDA Forest Service 2012, p. 59)

The connection between markets for
wood and keeping land in forest is also evi-
dent in an assessment of the global patterns
of deforestation:

in general, the data show that the global
regions with the highest levels of industrial

timber harvest and forest product output
are also regions with the lowest rates of de-
forestation (Ince 2010, p. 32)

Such information led IPCC to observe
that

the anticipation of future bioenergy mar-
kets may promote optimized forest man-
agement practices or afforestation of mar-
ginal land areas to establish managed
plantations, so contributing to increased
forest carbon stocks. Rather than leading to
wide-scale loss of forestlands, growing mar-
kets for tree products can provide incentives
for maintaining or increasing forest stocks
and land cover, and improving forest health
through management (Smith et al. 2014)

Although these and other studies pro-
vide strong evidence that increased demand
for wood leads to increased forested area, the
impacts on forest carbon can vary, especially
over periods of decades. For instance, the
USDA Forest Service (2012) assessment dis-
cussed above found that at the end of the
study period (2060) projected carbon stocks
were likely to be lower in the high biomass
demand scenario even while the forest area
was likely to be greater. This was due to in-
creased harvesting and more intensive forest
management.

Other studies, however, have found
that where the investment response to in-
creased demand is strong, it can increase
both forest area and forest carbon stocks, es-
pecially where investments are made in an-
ticipation of increased demand (Daigneault
et al. 2012, Sedjo and Tian 2012, Nepal et
al. 2014). Market response varies by region
and is especially strong in the US South,
where one study found that the investment
response would be adequate to offset essen-
tially all of the projected drawdown in forest
carbon stocks associated with more than a
4-fold increase in the amounts of forest-de-
rived energy (Nepal et al. 2014). The invest-
ment response and the associated carbon im-
pacts can also be affected by policies that
constrain market participation (Latta et al.
2013). These varying findings highlight the
need for those studying forest bioenergy to
consider the many complex ways in which
market forces impact forest-related activities
and investments.

Landowner responses to increased de-
mand and the carbon impacts of those re-
sponses are affected by many things besides
markets. This is especially true in the case of
small private nonindustrial forest owners,
now more commonly referred to as family
forest owners (Butler 2008). These land-
owners supply more than one-half of the

wood harvested in the United States
(Haynes et al. 2007). A robust body of re-
search shows that these landowners respond
to price signals, public policies, and various
incentives and disincentives to producing
wood. For instance, a meta-analysis of forest
management practices of family forest own-
ers found that among the drivers typically
studied, policy variables are most likely to be
identified as drivers of landowner behavior,
followed by plot/resource conditions, own-
ers’ characteristics, and market drivers, al-
though the differences in the importance of
the various drivers are small (Beach et al.
2005). This and many other studies make it
clear that in addition to markets, public pol-
icies and other nonmarket factors are impor-
tant drivers of landowner behavior (Perez-
Garcia et al. 2001, Langpap 2006, Zobrist
and Lippke 2007, Zhang and Flick 2010,
Joshi and Mehmood 2011, Miller et al.
2012, Van Deusen et al. 2012, Aguilar et al.
2013, Becker et al. 2013, Latta et al. 2013,
Rozance and Rabotyagov 2014). Research
on factors that influence landowner behav-
ior suggests substantial potential for affect-
ing landowner behavior in ways that could
have important carbon implications. Poli-
cies that provide incentives for landowners
to expand forest area, make forests more
productive, and store more carbon could
have important carbon benefits. On the
other hand, policies that increase transaction
costs to landowners or devalue forest bio-
mass could have negative carbon conse-
quences, by reducing incentives for invest-
ments in working forests, reducing biomass
supplies, limiting afforestation activities,
and leading to increased conversion of for-
ests to other land uses. The potential for
landowner response to disincentives could
be especially important in the case of mate-
rials collected for energy due to their low
value, as revealed in a survey of loggers and
landowners in North Carolina (Fielding et
al. 2012).

Markets and landowner behavior are
often ignored in studies of the carbon im-
pacts of increased use of forest-derived bio-
energy, even though many studies have
shown that landowners are responsive to for-
est policies, incentives, and disincentives.
Although there are uncertainties associated
with studies that provide an integrated anal-
ysis of the dynamic interactions between for-
ests, other land uses, and markets for tradi-
tional forest products as well as biomass
energy, these integrated assessments provide
important insights into the carbon implica-
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tions of different policies. There are many
examples of such integrated assessments (see
Abt et al. 2010, 2012, Ince et al. 2011,
Daigneault et al. 2012, Nepal et al. 2012,
2014, Sedjo and Tian 2012, USDA 2012,
Abt and Abt 2013, Latta et al. 2013, White
et al. 2013, Nepal et al. 2014).

Research Insight 3
Although forest bioenergy systems some-

times produce near-term increases in CO2, they
typically result in lower cumulative CO2 emis-
sions over time, and cumulative CO2 emis-
sions, according to the IPCC, are the best pre-
dictor of future peak global temperatures.

The time required for biomass energy
systems to show net GHG benefits relative
to that for alternative systems has received
considerable attention (Vaughan et al. 2009,
Cherubini et al. 2011, McKechnie et al.
2011, BERC 2012, Mitchell et al. 2012, US
EPA 2012, Agostini et al. 2013, Helin et al.
2013, Lamars and Junginger 2013, Walker
et al. 2013). Some of the focus on timing
stems from concern about “tipping points”
and “abrupt changes.”

IPCC defines a tipping point as “a hy-
pothesized critical threshold when global or
regional climate changes from one stable
state to another stable state” (IPCC 2013, p.
1463). In its most recent analysis, IPCC re-
ports that

A small number of studies using simplified
models find evidence for global-scale ‘tip-
ping points’; however, there is no evidence
for global-scale tipping points in any of the
most comprehensive models evaluated to
date in studies of climate evolution in the
21st century. There is evidence for thresh-
old behavior in certain aspects of the cli-
mate system, such as ocean circulation and
ice sheets, on multi-centennial-to-millen-
nial timescales. There are also arguments
for the existence of regional tipping points,
most notably in the Arctic although aspects
of this are contested (IPCC 2013, p. 129)

IPCC defines an “abrupt change” as

a large-scale change in the climate system
that takes place over a few decades or less,
persists (or is anticipated to persist) for at
least a few decades, and causes substantial
disruptions in human and natural systems
(IPCC 2013, p. 1448)

In summarizing the research on abrupt
changes IPCC concludes that

Several components or phenomena in the
climate system could potentially exhibit
abrupt or nonlinear changes, and some are
known to have done so in the past.… For
some events, there is information on poten-
tial consequences, but in general there is
low confidence and little consensus on the

likelihood of such events over the 21st cen-
tury (IPCC 2013, p. 1033)

Whereas the science on tipping points
and abrupt changes continues to advance, a
consensus has developed on the importance
of cumulative CO2 emissions as a predictor
of peak global temperatures (Allen et al.
2009, Meinshausen et al. 2009, IPCC
2013). For instance, IPCC (2013) indicates
that although there is evidence that short-
lived, non-CO2 GHGs such as aerosols and
methane may have near-term temperature
impacts within several decades, CO2 appears
to be different:

taking into account the available informa-
tion from multiple lines of evidence (obser-
vations, models and process understand-
ing), the near linear relationship between
cumulative CO2 emissions and peak global
mean temperature is well established in the
literature and robust for cumulative total
CO2 emissions up to about 2000 PgC
[petagrams of carbon]. It is consistent with
the relationship inferred from past cumula-
tive CO2 emissions and observed warming,
is supported by process understanding of
the carbon cycle and global energy balance,
and emerges as a robust result from the en-
tire hierarchy of models (IPCC 2013, p.
102)

IPCC suggests that for warming to be
limited to 2° C at the time net CO2 emis-
sions are reduced to zero, total cumulative
emissions from all anthropogenic sources
over the entire industrial era would need to
be limited to about 1 trillion tonnes of car-
bon (IPCC 2013, p. 927). As of 2011, cu-
mulative anthropogenic emissions of CO2

during the industrial era were estimated to
be 555 billion tonnes of carbon (IPCC
2013, p. 467).

IPCC specifically addresses the issue of
emissions timing in the context of cumula-
tive emissions, noting that

The concept of cumulative carbon also im-
plies that higher initial emissions can be
compensated by a faster decline in emis-
sions later or by negative emissions. How-
ever, in the real world short-term and long-
term goals are not independent and
mitigation rates are limited by economic
constraints and existing infrastructure
(IPCC 2013, p. 1113)

Thus, IPCC’s concern with higher
CO2 emissions in the near-term reflects con-
cern about what these near-term increases
mean about the likelihood of meeting cu-
mulative CO2 emissions targets in the lon-
ger term, especially given economic and in-
frastructure constraints to making large
reductions in the future if emissions are al-
lowed to increase unabated in the near term.

In the words of one of the studies cited by
IPCC in its most recent assessment

… the relationship between cumulative
emissions and peak warming is remarkably
insensitive to the emission pathway (timing
of emissions or peak emission rate). Hence
policy targets based on limiting cumulative
emissions of carbon dioxide are likely to be
more robust to scientific uncertainty than
emission-rate or concentration targets (Al-
len et al. 2009, p. 1163)

Elsewhere, IPCC’s Fifth Assessment
Report addresses the “relationship between
short-term action and long-term targets”
(Bruckner et al. 2014, p. 67). The IPCC
report states that

Unlike short-lived species (e.g., CH4

[methane], CO [carbon monoxide], NOx
[nitrogen oxides], and SO2 [sulfur diox-
ide]) for which stable concentrations are
associated with stable emissions, stable con-
centrations of CO2 ultimately in the long-
term require net emissions to decline to
zero. Two important implications follow
from this observation. First, it is cumulative
emissions over the entire century that to a
first approximation determines the CO2

concentration at the end of the century, and
therefore no individual year’s emissions are
critical…. Second, minimization of global
social cost implies an immediate initiation
of global emissions mitigation, relative to a
reference, no-climate-policy scenario….
(Bruckner et al. 2014, p. 67–68)

The IPCC text reveals that the primary
concern about not meeting near-term limits
is related to “lock-in” of high GHG technol-
ogy and infrastructure that fail to accom-
plish any significant change in terms of the
low-carbon energy share and therefore fail to
reduce long-term cumulative emissions
(Bruckner et al. 2014, p. 68). IPCC’s con-
cern about lock-in is focused on conven-
tional fossil fuel energy systems, not energy
systems that yield significant long-term re-
ductions in cumulative emissions, such as
energy systems supplied with forest biomass
from land that remains in forest. Indeed,
bioenergy is among the “low-carbon pri-
mary energy” sources included in IPCC’s
energy sector transformation pathways
(Clark et al. 2014, p. 40).

These various findings are directly rele-
vant to the discussions about the timing of
emissions and benefits associated with the
use of forest-derived fuels. When systems us-
ing forest biomass are compared with those
using fossil fuels for energy, forest-based en-
ergy systems can sometimes show higher
near-term emissions of CO2, incurring a
carbon debt (Fargione et al. 2008, Gibbs et
al. 2008, Jones et al. 2010, McKechnie et al.
2011, Mitchell et al. 2012, US EPA 2012,
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Zanchi et al. 2012, Agostini et al. 2013, La-
mars and Junginger 2013). As discussed
above, however, in the case of forest-derived
fuels, as long as wood-producing land re-
mains in forest, this short-term increase in
emissions is reversed in essentially all cases,
and in the long-term, the use of forest-based
systems provides lower cumulative CO2

emissions than fossil fuel-based alternatives
(see Research Insight 1). Research Insight 4
(below) elaborates on the times required to
achieve lower cumulative emissions from
forest biomass fuels. Given the consensus on
the importance of reducing long-term cu-
mulative emissions, near-term increases in
CO2 emissions should not be judged in iso-
lation. Forest bioenergy systems may some-
times produce higher near-term CO2 emis-
sions, but they typically produce lower
cumulative CO2 emissions, making their cli-
mate impact fundamentally different from
that of fossil fuel systems that increase near-
term CO2 emissions without reducing cu-
mulative emissions.

Research Insight 4
The net warming impacts of biogenic

CO2 should be assessed using a framework that
is consistent with that used for other GHGs
and, especially in the case of biogenic CO2 from
roundwood, reflects the effects of market-in-
duced investments and forest growth dynamics.
When assessed in such a framework, the types of
forest-derived biomass likely to be used for en-
ergy in the US typically have low (sometimes
less than zero) warming impacts.

The GHG impacts of forest-derived en-
ergy should be calculated with a metric for
biogenic CO2 that is consistent with the ap-
proach used for other GHGs. The impacts
of other GHGs are commonly examined on
the basis of global warming potentials
(GWPs) derived from the 100-year time-in-
tegrated global mean radiative forcing of a
pulse emission (Forster et al. 2007). Radia-
tive forcing is

the change in the…radiative flux (expressed
in W m�2) at the tropopause or top of at-
mosphere due to a change in an external
driver of climate change, such as…a change
in the concentration of carbon dioxide…
(IPCC 2013, p. 1460)

Cumulative radiative forcing from a
pulse emission of a GHG is determined by
calculating the radiative forcing each year,
attributable to the amount of GHG remain-

ing in the atmosphere, and summing the an-
nual values over a period, often 100 years. A
100-year GWP for a GHG is equal to the
cumulative radiative forcing of a pulse emis-
sion of the GHG over 100 years divided by
the cumulative radiative forcing of a pulse
emission of CO2 over 100 years. GHGs with
higher cumulative radiative forcing than
CO2 have GWPs greater than 1, whereas
those with cumulative radiative forcing less
than CO2 will have GPWs less than 1. The
impacts of biogenic CO2 can likewise be
characterized by taking net CO2 fluxes, in-
cluding removal of CO2 from the atmo-
sphere by growing trees, and cumulative ra-
diative forcing into account. Several
approaches for accomplishing this have been
suggested.

Cherubini et al. (2011), for instance,
suggest using GWPbio which is a global
warming potential for biogenic CO2. It is
comparable to GWPs for other gases in that
it reflects the net radiative forcing associated
with the release of a pulse emission of a
GHG, in this case, biogenic CO2, relative to
a pulse emission of fossil fuel CO2. It differs
from other GWPs only in that it also con-
siders the removal of a pulse emission of bio-
genic CO2 from the atmosphere by re-
growth of the harvested vegetation. This
metric characterizes the emissions from the
system in isolation, not considering fore-
gone carbon storage and, in the case of trees,
foregone sequestration attributable to tree
growth. The Cherubini et al. (2011) GWP
for biogenic CO2 will be equal to 1.0 if there
is no regrowth to offset the emissions, be-
tween 0.0 and 1.0 if a portion of the bio-
genic CO2 is removed from the atmosphere
by regrowth, and 0.0 if all of the CO2 is
removed via regrowth instantaneously after
harvest.

Helin et al. (2013) suggested an ap-
proach that differs from that of Cherubini et

al. (2011) in that it also considers foregone
storage and sequestration, i.e., the removals
of CO2 from the atmosphere and incremen-
tal carbon storage that would have occurred
had the biomass not been used. As a result,
GWPs for biogenic CO2 developed using
the Helin et al. (2013) approach are larger
than those developed using the Cherubini et
al. (2011) approach. At a given point in
time, the Helin et al. (2013) GWP for bio-
genic CO2 will be equal to 1.0 if the amount
of CO2 removed by regrowth after harvest is
exactly the same as the foregone CO2 re-
movals attributable to additional growth
that would have occurred had the wood not
been harvested. It will be greater than 1.0 if
the CO2 removed by regrowth over time is
less than the foregone CO2 removals attrib-
utable to the additional growth lost by har-
vesting and less than 1.0 if the CO2 removed
by regrowth over time is greater than the
foregone CO2 removals.

The Cherubini et al. (2011) approach is
appropriate if the objective is to characterize
the biogenic CO2 emissions from the bio-
mass energy system in isolation, without
considering foregone carbon storage and se-
questration. The approach of Helin et al.
(2013) is appropriate where the objective is
to assess the net change in biogenic CO2

emissions associated with an increase in the
use of biomass for energy relative to a sce-
nario where this energy demand is met with-
out increasing the use of biomass. Table 3
compares results from the two approaches
when applied to planted loblolly pine on a
20-year rotation. The results from both
methods and the differences between them
vary from one situation to another, depend-
ing primarily on growth rates.

In either case, if these metrics are devel-
oped for 100-year periods, they can be used
in studies in which other gases are character-
ized using 100-year GWPs, recognizing that

Table 3. Development of 100-year global warming potentials for biogenic CO2 using
methods comparable to those used for other GHGs.

Cherubini et al. (2011)
approach*

Helin et al. (2013)
approach*

20-yr GWP for biomass energy CO2 emission 0.54 0.85
100-yr GWP for biomass energy CO2 emission 0.12 0.26

Two approaches for calculating global warming potentials for biogenic CO2 (not considering investment-related responses to
increased demand) are shown. The example is based on increased production of bioenergy from planted loblolly pine on a 20-year
rotation (based on growth curves developed from planted pine data in Smith et al. 2006).
* Calculations are contained in Supplemental Spreadsheet S1.

Supplementary data are available with this article at http://dx.doi.org/10.5849/jof.14-009.
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the investment response is not accounted
for. Increasingly, however, the impacts of
biogenic CO2 are being judged over periods
of less than 100 years in analyses in which
other GHGs are examined using 100-year
GWPs. Using a time horizon of less than
100 years to judge the significance of emis-
sions of biogenic CO2 implies that wood en-
ergy emissions are more damaging than
fossil fuel-derived CO2 and other GHGs,
which has no scientific basis. If the time ho-
rizon for judging impacts from biogenic
CO2 is less than 100 years, then logically it
should be less than 100 years for all GHGs.
In other words, consistent time horizons
should be used for judging the radiative forc-
ing of all GHGs. IPCC has developed 20-
year GWPs (Forster et al. 2007, IPCC
2013), which can be used to judge the cu-
mulative radiative forcing of a pulse emis-
sion of many GHGs over a 20-year period.
Because these values are static, however,
their use can be problematic in systems in-
volving more than pulse emissions of CO2 at
time zero (e.g., see Levasseur et al. 2010,
Gaudreault and Miner 2013). For example,
because methane has a relatively short life-
time in the atmosphere, methane leaks from
natural gas systems exert most of their
warming impacts in the years immediately
after their release (Alvarez et al. 2012). This
dynamic process is important to under-
standing the timing of impacts involving
methane, but it is ignored when using
GWPs because GWPs represent cumulative
warming impacts over a specific period, usu-
ally 100 years. In such cases, dynamic mod-
eling of radiative forcing may be necessary,
as suggested by Levasseur et al. (2010),
Cherubini et al. (2011), and Helin et al.
(2013).

Insights into the GHG attributes of
biomass energy can be gained by using the
metrics described above. Although these
metrics address the direct impacts of using
biomass, they miss potentially important in-
direct impacts, such as market-related im-
pacts on forestry, including investment re-
sponses that expand forest area or increase
forest productivity, as described in Research
Insight 2 above, and the impacts of natural
disturbances that might be affected by a de-
cision to increase forest output. The inclu-
sion of impacts related to market-induced
investments that expand forest area and im-
prove forest management provides a more
robust assessment of the effects of using for-
est biomass (Daigneault et al. 2012, Galik
and Abt 2012). If indirect market-related ef-

fects, such as landowner responses to in-
creased demand, are excluded, one can over-
look carbon impacts associated with private
landowner responses to increased demand
that in most cases tend to increase supplies of
forest biomass, improve forest management,
and offset carbon losses associated with in-
creased harvesting (Daigneault et al. 2012,
Nepal et al. 2014).

With an understanding of the impor-
tance of using consistent metrics and consid-
eration of the effects of the investment re-
sponse, it is possible to examine the GHG
impacts associated with increased use of spe-
cific types of forest-derived biomass. This is
done in the following sections addressing
logging residue, roundwood from private
land, wood from federal land in the West,
mill residues, and large trees.

Logging Residue from Private and
Public Land. To sustain ecological func-
tions and site productivity, it may be appro-
priate to retain a portion of logging residues
on site, as recognized by various biomass
harvesting guidelines (Evans et al. 2013a).
Within these constraints, using some of
these residues to displace fossil fuel reduces
atmospheric GHGs (Lippke et al. 2012,
Zanchi et al. 2012, Smith et al. 2014). To
estimate the CO2 reductions associated with
increased use of logging residues and their
timing, one compares a system in which in-
creased amounts of logging residues are used
for energy and an alternative system in
which they are not. In cases in which the
alternative to using these residues for energy
is burning them on site, as is the practice in
many US locations, the carbon returns to
the atmosphere at the same time for the two
systems, so the net impact on biogenic car-
bon emissions is zero or less than zero if
methane and nitrous oxide emissions from
pile burning are higher than those from boil-
ers (Jones et al. 2010). In these cases, the
benefits of using residues for energy are ob-
served immediately. Where the alternative
to using logging residues for energy is leav-
ing them on site to decay, net emissions of
biogenic CO2 may be temporarily higher for
the case in which residues are used for energy
and substitution benefits may be delayed for
a period that depends primarily on the ex-
pected decay rate of forest residues (Lamars
and Junginger 2013). Although decay half-
lives of 100 years or longer have been re-
ported, the majority of United States log-
ging residue half-lives are less than 50 years
and generally less than 20 years under warm
conditions, with hardwoods generally de-

composing more rapidly than softwoods
(Zimmerman 2004, Radtke et al. 2009,
Russell et al. 2014).

With use of the biogenic CO2 impact
metric developed by Helin et al. (2013) and
two assumptions (that slash would have
been left on site to decay, with an avoided
decay half-life of 20 or 50 years, had it not
been burned for energy, and that carbon re-
leased by decomposition enters the atmo-
sphere as CO2), the estimated 100-year
GWPs for biogenic CO2 from increased use
of logging slash for energy are 0.30 and 0.56,
respectively, not considering avoided fossil
fuel emissions (calculations are shown in
Supplemental Spreadsheet S2), meaning
that the biogenic CO2 from these sources
exerts 30 and 56% of the net radiative forc-
ing of fossil fuel CO2 over 100 years. In cir-
cumstances representative of the eastern
United States, where most logging residues
are produced and residue decay half-lives are
generally 20 years or less (Zimmerman
2004, Russell et al. 2014), the use of forest
residues that otherwise would have been left
to decay typically accomplishes net GHG
benefits within a decade when displacing
coal-based electricity and within two de-
cades when displacing natural gas-based
electricity, even though wood energy sys-
tems usually have somewhat lower efficien-
cies than fossil fuel systems (Zanchi et al.
2012, Lamars and Junginger 2013, Walker
et al. 2013). Longer times to see net benefits
can occur in situations in which residues are
normally left to decay, and the decay rates
are lower (McKechnie et al. 2011, Repo et
al. 2012, Lamars and Junginger 2013). Res-
idue decay rates appear to be lower in parts
of the Northwest than in the eastern United
States, and burning of logging residues on-
site is most common in the Northwest, fol-
lowed by the North, the Southwest, and the
South (Cleaves et al. 1999, Zimmerman
2004).

Roundwood from Private Land. The
biogenic CO2 metric developed by Helin et
al. (2013), described above, yields an esti-
mated 100-year GWP for biogenic CO2

from roundwood produced from forests
evaluated by the Manomet Center (Walker
et al. 2013) and used in accordance with
Massachusetts biomass regulations,3 of 0.68
(calculations are contained in Supplemental
Spreadsheet S2), meaning that this biogenic
CO2 has 68% of the cumulative 100-year
radiative forcing of fossil fuel CO2. Lower
GWPs are likely where the forest is faster
growing (e.g., see Table 3 for a case involv-
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ing 20-year rotation loblolly pine). Al-
though the GWPs for biogenic CO2 from
old or slow-growing forest are likely to be
higher (Marland and Schlamadinger 1997),
it is important to consider the extent to which
such trees are likely to be used for energy, a
topic discussed in more detail below.

In many cases, to correctly characterize
net emissions associated with using round-
wood, indirect impacts related to market-
induced investments must also be analyzed
(e.g., see Daigneault et al. 2012, Galik and
Abt 2012, Nepal et al. 2014). This can be a
complex undertaking, however, and most
studies ignore these indirect impacts and in-
stead assume that forest management within
a supply area will not change in response to
increased demand for forest biomass; i.e.,
management practices, the amount of for-
ested area, and the impacts of natural distur-
bances do not change (e.g., see McKechnie
et al. 2011, BERC 2012, Mitchell et al.
2012, Zanchi et al. 2012, Walker et al.
2013). Historical evidence indicates, how-
ever, that increased demand for roundwood
for products and energy from sustainably
managed private forestland will increase rev-
enue to landowners and often affect carbon
stocks as landowners respond by retaining or
expanding forest and intensifying forest
management (Fox et al. 2004, Lubowski et
al. 2008, Daigneault et al. 2012, Nepal et al.
2014). Because of the time needed to pro-
duce wood, studies examining landowner
responses to increased demand for wood of-
ten look at the role of anticipatory invest-
ments made in expectation of future de-
mand (Sedjo and Tian 2012). These
anticipatory investments help prevent forest
carbon stocks from declining, especially on
private land, as the historical record in the
southern United States demonstrates (Table
2) and recent research reinforces (Nepal et
al. 2014). Empirical studies show that land-
owners have converted agricultural land to
forest and refrained from converting forest-
land to other uses in response to higher rev-
enues from forestland (Hardie et al. 2000,
Lubowski et al. 2008).

The largest demand for wood biomass
for energy from private lands is likely to oc-
cur where the investment response to in-
creased demand for wood has been the
strongest—the US South (Nepal et al.
2014). Research suggests that the impact of
the investment response on forest carbon
stocks is less significant in other regions of
the country (Nepal et al. 2014). In the Pa-
cific Northwest, another major wood-pro-

ducing region, landownership patterns and
economic forces, among other factors, have
limited the extent to which investments in
forestry result in increased forest area. In this
region, essentially all land-use change has in-
volved converting undeveloped agricultural
and forestland into developed uses (Lettman
et al. 2002, Bradley et al. 2007). Family for-
est owners in areas with strong development
pressures in the Northwest and elsewhere are
relatively unlikely to keep land in forest sim-
ply for the income from wood production
(e.g., see Table 1 and Rozance and Rabotya-
gov 2014). In places with less development
pressure such as eastern Washington state,
however, higher forest values can lower the
likelihood of development (Rozance and
Rabotyagov 2014).

The impacts of roundwood harvesting
on soil carbon are complex. Soil carbon can
be affected by management treatments that
impact site productivity or cause soil distur-
bance (Johnson et al. 2002, Jandl et al.
2007, Nabuurs et al. 2007). Conversion of
nonforested land to forest generally increases
soil carbon stocks, although decreases have
been observed in some grassland ecosystems
with very high initial soil carbon and in sit-
uations where peatland has been drained to
allow plantations to be established (Nabuurs
et al. 2007). However, in temperate forests,
as long as land remains in forest, mineral soil
carbon levels generally remain stable even
though forest floor carbon levels may be af-
fected by harvesting with the effects being
related to changes in species composition
and soil taxonomic order (Nave et al. 2010).

A general increase in the demand for
biomass for energy could cause a reduction
in biomass carbon stocks on the land if the
new demand induces forest landowners to
convert lands to produce annual or short-
rotation biomass energy crops (White et al.
2013). Healthy markets for higher value-
added forest products (e.g., lumber, panels,
and paper), produced in parallel with wood
biomass coproducts (e.g., thinnings and log-
ging slash) that are sources of energy, can
help minimize such losses. Munsell and Fox
(2010), for instance, found that

providing biomass for energy from pine
plantations on cutover sites is most profit-
able when intensive management is used to
produce a mixture of traditional forest
products and biomass for energy

The economic benefit of integrated
production of traditional products that help
make removal of small diameter trees and
other low-value biomass feasible for bioen-

ergy or other purposes is also highlighted in
works by Barbour et al. (2008), Evans
(2008), Lowell et al. (2008), Nicholls et al.
(2008), Abbas et al. (2013), and Aguilar et
al. (2013). Although not examined in this
review, the effects of changes in forest man-
agement on impacts of natural disturbances
can also affect the net benefits of biomass
energy, although important information
gaps in some situations limit the extent to
which this can be dealt with quantitatively
(Gunn et al. 2014).

Obtaining GHG benefits from use of
trees for energy requires retaining wood-
producing land in forest. The timing of net
CO2 emissions from forest bioenergy sys-
tems and the time required to see net GHG
benefits from increased use of trees for en-
ergy will depend on many factors including
tree size and growth rate, displaced fossil
fuel, life cycle GHG emissions from trans-
port, processing and other activities, and the
rate at which demand increases and the in-
vestment response to that demand. Where
large trees are involved, the investment re-
sponse is weak or not considered and the
calculations include foregone sequestration,
the net radiative forcing associated with bio-
genic CO2 attributable to increased use of
trees for energy may be close to that of fossil
fuel CO2 (e.g., estimated 100-year GWP of
�0.9 for slow-growing trees), and in these
cases many decades may be required to see
net GHG benefits (McKechnie et al. 2011,
Mitchell et al. 2012, Lamars and Junginger
2013, Walker et al. 2013). Where tree
growth rates are relatively fast and there is a
history of landowners responding to in-
creased demand by expanding forest area
and improving forest productivity, the net
radiative forcing of biogenic CO2 is far less
than that of fossil fuel CO2. For instance,
the estimated 100-year GWP of biogenic
CO2 resulting from increased use of 20-year
rotation pine is 0.26 if foregone sequestra-
tion is included in the calculation and 0.12 if
it is not (Table 3). This does not consider the
investment response to increased demand
that would be expected to reduce this fur-
ther. Where the investment response is
strong and fast-growing trees are involved,
the increased production of energy from a
mix of forest biomass that includes trees can
produce net GHG benefits within a decade
or two, with shorter times being associated
with studies that assume investments occur
in anticipation of increased demand (Abt et
al. 2010, 2012, Daigneault et al. 2012, Ne-
pal et al. 2014).
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Wood from Federal Land in the West
Tree mortality rates in public forests are

higher than the nationwide average (Figure
3A), especially in the Rocky Mountain re-
gion (Figure 3B). In the West, the wildfire
threat involves more land than is threatened
by insects, disease, and development (Kline
et al. 2013). As a result of the increasing
mortality trend since 1987 and the corre-
sponding potential for large-scale intensive
wildfires, there is considerable interest in im-
proving forest conditions on public lands in
the West by fuel reduction treatments, par-
ticularly thinning (Finkral and Evans 2008,
Ager et al. 2010, Coleman et al. 2010, Jones
et al. 2010, Oneil and Lippke 2010, Rein-
hardt and Holsinger 2010).

Because economic returns are a lower
priority for public land, revenues from peri-
odic harvesting in public forests are unlikely
to influence either the scheduling of treat-
ments to enhance growth or the conversion
of forest to other land-use categories. How-
ever, markets for timber and biomass may
facilitate or accelerate silvicultural treat-
ments to produce conditions that reduce the
risks of catastrophic fire, disease, or insect
outbreaks. Although thinning treatments
for fuel reduction reduce carbon on the
landscape, they also reduce the threats of
carbon loss from fire, especially in fire-prone
areas, as well as from insects and disease
(Hurteau et al. 2008, Hurteau and North
2009). The net carbon benefits of fuel re-

duction treatments are highly site-specific
with benefits unlikely in forests that are not
fire prone (Mitchell et al. 2009, Ager et al.
2010, Coleman et al. 2010, Jones et al.
2010, Oneil and Lippke 2010). The net car-
bon benefits of fuel reduction treatments
can be enhanced by using the wood to make
products or fuels that reduce fossil fuel-re-
lated carbon emissions via substitution ef-
fects (see references in Research Insight 1).
For purposes of carbon accounting, how-
ever, if the goal of treatments is viewed as
forest restoration then any wood that is not
used for timber products can be viewed as
logging residue and would have net GHG
emissions similar to those of other logging
residues, as discussed above.

Mill Residues. The use of biomass
manufacturing residues for energy results in
very low net impacts from biogenic GHGs.
Almost all of these materials are now used
for energy. This was not always the case,
however. At one time, for instance, teepee or
beehive burners were used to dispose of
much of the residues produced by saw mills,
but by 1992, or earlier, these became “essen-
tially obsolete” (US EPA 1992). History
suggests, therefore, that if mill residues were
not used for energy, most of these materials
would be wastes that would be either incin-
erated, in which case the atmosphere would
see the same biogenic CO2 emissions as if
the material had been burned for energy, or
disposed in landfills.

If the alternative to using mill residues
for energy is disposing of these materials in
landfills, then the net impact of burning for
energy on biogenic emissions, in terms of
warming (i.e., CO2 equivalents), can actu-
ally be less than zero because of the warming
potency of the methane generated in land-
fills (Gaudreault and Miner 2013). Methane
is a far more potent GHG than CO2, exert-
ing 28 times the radiative forcing of CO2

over 100 years (IPCC 2013). In some cases,
the methane emissions from piles used to
store residuals at bioenergy facilities may
also need to be considered, and these may
reduce the net benefits of using these mate-
rials for energy. These emissions appear to
be small, however, compared with those
from landfills (Pier and Kelly 1997). When
assessment is extended to consider all GHGs
and fossil fuel substitution, the overall ben-
efits of using manufacturing residuals for en-
ergy are large and become evident in short
periods (Gaudreault and Miner 2013, La-
mars and Junginger 2013).

Large Trees and Bioenergy. Mature
forests are important reservoirs of stored car-
bon (Mackey et al. 2013), and carbon debts
associated with using large trees as sources of
energy would be expected to be large and
require considerable time to overcome
(Mitchell et al. 2012). The use of large trees
(i.e., those of a size suitable for use as saw-
timber), however, is unlikely because of
market and economic considerations. Stud-
ies have shown that even with substantial
demand for forest biomass and conservative
supply assumptions, larger and higher val-
ued materials, such as sawtimber, are not
likely to be used for energy even if smaller
diameter trees, such as those used for pulp-
wood, may be diverted to the biomass en-
ergy market (Abt et al. 2010, Ince et al.
2011).

For instance, a recent forward-looking
assessment examining a range of wood en-
ergy scenarios included one wherein the use
of wood for energy increased by a factor of
3.7 by 2060 to a level at which wood fuel
feedstock consumption was slightly greater
than all other commercial uses. Even under
these conditions, projected sawtimber prices
remained above those of nonsawtimber.
Only when the use of wood for energy far
exceeded all other uses did projected saw-
timber and nonsawtimber prices converge
(USDA Forest Service 2012, p. 26 and Fig-
ure 83). Looking specifically at the southern
United States, studies have found that in-
creased demand for biomass energy is un-

Figure 3. Mortality trends in US forests highlight the need for forest restoration on (A)
national forest and other public ownerships, especially (B) in the Rocky Mountain region.
The differences in mortality between public and private forests, as well as the regional
differences, are probably related, in part, to different levels of investment in working forests
which are known to be greater on private land and in the South (data from Smith et al.
2009).4
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likely to increase the price of small diameter
roundwood to even half that of typical prices
for sawtimber (Abt et al. 2012, Abt and Abt
2013). Many factors combine to keep prices
for biomass used for energy well below prices
that would lead to harvest of sawtimber-size
material for energy, including the small
roundwood supply, the potential for in-
creased utilization of residues, the comple-
mentary effect of forest biomass harvest on
other products, and the probable supply and
management response to higher prices.
These factors make it very unlikely that
wood suitable as sawtimber, in the southern
United States or elsewhere, would be har-
vested for energy as long as a market for saw-
timber is available.

Summary and Conclusions
It has been known for at least 25 years

that there are substantial long-term CO2 re-
duction benefits from forest bioenergy as
long as wood-producing land remains in for-
est. It has also been known that, in some
cases, increased use of forest bioenergy can
result in higher near-term CO2 emissions,
causing delays in seeing net benefits. The
length of this delay varies considerably,
based on physical and biophysical factors,
differences in biomass characteristics, and
reference conditions.

Recently, researchers have examined
forest bioenergy in a broader, integrated
framework that also addresses market im-
pacts. Based both on empirical data and
modeling, these studies have determined
that increased demand often leads to invest-
ments in forestry that increase forest area
and incentivize improvements in forest
management that, depending on circum-
stances, can also increase forest carbon
stocks. This investment response has been
found to be especially important in places
such as the US South, where economic re-
turns to land have been shown to directly
affect gains and losses in forest area.

Recently researchers have also exam-
ined metrics for characterizing the impacts
from biogenic CO2 in ways consistent with
those used for other GHGs. The research
has produced several metrics for calculating
100-year GWPs for biogenic CO2, reflect-
ing net cumulative radiative forcing. The use
of these metrics reveals that as long as land
remains in forest, emissions of biogenic CO2

associated with increased production of for-
est bioenergy have smaller, and often far
smaller, net warming impacts than compa-
rable emissions of CO2 from fossil fuel.

The logic behind the selection of time
horizons for judging the impacts of biogenic
CO2 has been clarified by IPCC, which has
found that in the case of CO2, there is a near
linear relationship between cumulative
emissions and projected peak global temper-
atures. The emphasis on near-term reduc-
tions in CO2 emissions primarily reflects
concern about the “lock-in” of technologies
that do not help reduce cumulative emis-
sions of CO2 in the longer term. The near-
term increases in CO2 emissions sometimes
caused by forest bioenergy are associated
with energy systems that reduce cumulative
emissions in the longer term, something that
clearly differentiates them from fossil fuel
systems that increase near-term emissions
without reducing cumulative emissions.

The research described above provides
the basis for a number of generalizations
about the GHG impacts to be expected from
increased use of different types of forest bio-
mass for energy:

• Under almost all circumstances, the
use of biomass residuals from manufactur-
ing has been found to yield low to negative
emissions of biogenic GHGs in relatively
short times and essentially instantaneous
benefits when displacing fossil fuels.

• Net biogenic CO2 emissions from in-
creased use of forest harvest residues for en-
ergy are highly dependent on whether har-
vest residues would have been burned in the
forest or left to decay. When the alternative
to using residuals for energy is burning them
in the forest, the net emissions of biogenic
CO2 associated with using forest residues for
energy are essentially zero, and benefits from
displacing fossil fuel occur instantaneously.
If the alternative is leaving the material to
decay under conditions representative of the
eastern United States, the net warming
caused by biogenic CO2 emissions is likely
to be in the range of one-third to one-half of
that associated with a pulse emission of an
equal amount of fossil fuel CO2. Under
these conditions, GHG benefits from using
forest residues to produce electricity are gen-
erally observed in less than a decade or two.
Where decay rates are slower, as appears to
be the case in the Pacific Northwest, longer
times may be required to see net benefits.

• Considering the economic disincen-
tives to using large trees for energy and the
regions expected to provide wood for en-
ergy, the types of roundwood anticipated to
be used to meet increased demand for bio-
energy in the United States are likely to be
associated with relatively low net biogenic

CO2 emissions impacts. Where growth rates
are relatively high and the investment re-
sponse is strong, net GHG benefits from in-
creased use of trees for energy can be realized
within a decade or two, depending on the
fossil fuel being displaced and the timing of
the investment response. Where tree growth
is slow and the investment response is lack-
ing, many decades may be required to see the
net benefits from using roundwood for
energy.

Legal, policy, and practical consider-
ations, beyond the scope of this science- and
economics-focused review, will affect how
biogenic CO2 is characterized under differ-
ent laws, regulations, and forest manage-
ment guidelines. Those working to under-
stand the GHG impacts of increased
reliance on forest bioenergy, however, need
to consider the following: the relatively low
net cumulative emissions impacts associated
with increased use of the types of forest bio-
mass most likely to be used for energy in the
United States; the importance of the invest-
ment response in contributing to these low
net emissions; and the possible effect on
these investments of policies that attach an
emissions liability to biogenic CO2.

Endnotes
1. IPCC was established by the United Nations

Environment Programme and the World Me-
teorological Organization in 1988 to provide
scientific analysis of climate change, including
its potential environmental and socioeco-
nomic impacts. IPCC relies on a network of
government-nominated scientists from around
the world, operates under the auspices of the
United Nations, and has a Secretariat located in
Geneva, Switzerland.

2. The following sources of data were used to
construct Figure 2. The history of changes in
US forest carbon stocks is modeled after a sim-
ilar figure in Birdsey et al. (2006): plotted data
do not include below ground carbon; 1630–
1930 data and conversion factors are from
Birdsey et al. (2006), plotted data are 10-year
averages; 1931–1961 data are interpolated;
1962–1987 data are from Birdsey and Heath
(1995); and 1990–2010 data are from Table
A240, Annex Section 3.13 in US EPA (2013).
The statement on industrial roundwood har-
vesting is based on Ince (2000). Estimates de-
veloped before the beginning of the U.S. for-
est inventory program in the 1930s are likely
to be less reliable than those developed since
then. Data are available on request.

3. Information about the Massachusetts renew-
able energy portfolio standards is available
online at www.mass.gov/eea/energy-utilities-
clean-tech/renewable-energy/biomass/
renewable-portfolio-standard-biomass-
policy.html; last accessed May 24, 2014.
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4. The following are notes on the data in Figure
3. Although annual mortality is often ex-
pressed as a percentage of growing stock vol-
ume, mortality as a percentage of gross growth
is a more useful health indicator (O’Laughlin
1996) because stands can be considered
healthy when growth and mortality are appro-
priately balanced (Norris et al. 1993). Missing
from the literature are judgments on appro-
priate balance, which would vary by stand
type and age. However, the mortality/growth
rate depicted in Figure 3 is correlated to stand
density (significant at the 0.01 level); thus,
within any ownership class or region, higher
mortality/growth rates can be attributed to
denser stands (O’Laughlin and Cook 2003).
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