
In the most financially successful version of biomass technology to date, huge swathes of forests in North America are clearcut
and all the vegetation ground and compressed into dense little chips that look like the feed pellets available at the corner pet
store. After it’s been processed into these generic pellets, the wood is relatively easy to use as a replacement for coal: the wood
(or any other organic material) is made to behave as much as possible like very small, broken-up pieces of coal in a furnace.
Logs and wood pellets image courtesy of VisionTIR

I
n the 2015 Paris climate accord, 197 countries agreed
to limit warming to “well below 2 degrees Celsius,” and
to strive for 1.5 degrees Celsius. To have even a

roughly 50 percent chance of achieving this goal, net global
greenhouse gas emissions must be cut by nearly half from
2010 levels this decade and reach zero by mid-century
(UNFCCC 2021). Consequently, at least 140 countries,
accounting for about 90 percent of global greenhouse gas
emissions, have pledged to reach net zero emissions around
the middle of this century (Climate Action Tracker 2021). But
few have specified how they will do so. A growing number,
including the European Union, the United Kingdom, and the
United States, have declared wood bioenergy to be carbon
neutral, allowing them to exclude the carbon dioxide
generated from wood bioenergy combustion in their
greenhouse gas accounting. Many subsidize wood bioenergy
to help meet their renewable energy targets (Norton et al.
2019). The appeal is intuitive: burning fossil fuels adds
carbon that has been sequestered underground for millions
of years to the atmosphere, while forests might regrow,
eventually removing carbon dioxide from the atmosphere.

But can burning trees—including not just the trunk, but also
the bark, branches, needles or leaves, roots, stumps, mill
waste, sawdust, and all the other vegetative materials known
as “biomass” that make up a forest—help cut carbon
emissions in time to prevent climate catastrophe?

The bioenergy industry and many governments argue that
wood bioenergy is carbon neutral. The “Claims and Facts”
tables throughout the text below list some of the common
claims the industry makes, together with the science showing
these claims to be incorrect. For example, the UN Food and
Agriculture Organization claims that “While burning fossil
fuels releases CO  that has been locked up for millions of
years, burning biomass simply returns to the atmosphere the
carbon dioxide that was absorbed as the plants grew”
(Matthews and Robertson 2001). But the fact that the carbon
in wood was previously removed from the atmosphere as the
trees grew is irrelevant: A molecule of carbon dioxide added
to the atmosphere today has the same impact on radiative
forcing—its contribution to global warming—whether it comes
from fossil fuels millions of years old or biomass grown last
year. When burned, the carbon in those trees immediately
increases atmospheric carbon dioxide above what it would
have been had they not been burned.

To illustrate, consider a forest that was harvested for lumber,
pulpwood, or energy 50 years ago, and has been regrowing
since then. (Few forests in the United States and Europe are
mature, “old growth”—most are “working forests” and go
through cycles of harvest, regrowth, and reharvest [see  US
Forest Service 2014]). What happens if that forest is now cut
and burned for energy? When the wood is burned, the
carbon it contains is emitted as carbon dioxide into the
atmosphere. If the forest regrows, after another 50 years it
will have removed about the same amount of carbon dioxide
it emitted when it was cut and burned for energy. Until then,
there’s more carbon dioxide in the atmosphere than if it had
not been burned, accelerating climate change.

But the situation is worse: If the forest had not been cut, it
would have continued to grow, removing additional carbon
from the atmosphere. Compared to allowing the forest to
grow, cutting it for bioenergy would increase carbon dioxide
emissions and worsen global warming for at least half a
century—time we do not have to reach net-zero emissions
and avoid the worst harms from climate change.

But what if the wood used to generate electricity reduces the
use of fossil fuels? Wouldn’t total carbon dioxide emissions
then fall? That depends on how much carbon dioxide is
emitted from wood relative to the fuel being displaced. To
determine whether wood bioenergy can slow climate change,
we therefore need to know answers to a series of questions:

How much carbon dioxide does burning wood for energy
add to the atmosphere?

Burning wood to generate electricity emits more carbon
dioxide per kilowatt-hour generated than fossil fuels—even
coal, the most carbon-intensive fossil fuel. Although wood
and coal contain about the same amount of carbon per unit
of primary energy—the raw energy in the fuel—(EPA 2018),
wood burns less efficiently, in part because it contains more
water than coal. The higher the water content, the larger the
fraction of the energy of combustion goes into vaporizing that
water and up the flue instead of producing the heat needed
to make the steam that powers the turbines and generators
(Dzurenda and Banski 2017, FAO 2015).

Carbon dioxide emissions from the wood supply chain also
exceed those from coal. Wood must be harvested,
transported to a mill, dried, processed into chips or pellets,
and transported to a power plant (Figure 1). These activities
emit carbon dioxide from fossil fuel-powered vehicles and
machinery, plus emissions from burning wood or fossil fuels
to reduce the water content of chips and pellets from
approximately 50 percent for raw wood to about 10 percent
for dried pellets. About 27 percent of the harvested biomass
is lost in the wood pellet supply chain, of which the largest
share—18 percent—arises from burning some of the
biomass to generate heat to dry pellets (Röder et al. 2015).
In contrast, coal processing adds only about 11 percent to
emissions (Sterman et al. 2018a).

The situation is worse if wood displaces other fossil fuels:
Wood releases about 25 percent more carbon dioxide per
joule of primary energy than fuel oil, and about 75 percent
more carbon dioxide than fossil (so-called “natural”) gas (EPA
2018). Wood bioenergy therefore emits more carbon dioxide
per kilowatt-hour of power generated than all fossil fuels,
including coal (PFPI 2011), incurring a “carbon debt”—an
immediate increase in carbon dioxide in the atmosphere,
worsening climate change every year, unless and until that
carbon debt is repaid later by forest regrowth.

Figure 1. Life cycle emissions from wood bioenergy. Every stage of the supply
chain adds CO2 to the atmosphere, from cutting the trees through transport,
processing the wood into chips or pellets, transporting them to a power plant,
and combustion. CO2 is removed only later, and only if, the harvested land
regrows. Photo credits, left to right: Power Plant, courtesy of Paul Glazzard,
Creative Commons Attribution-ShareAlike 2.0 license. Transport: Handymax
bulk carrier, courtesy of Nsandel/Wikimedia/Public Domain. Pellet mill, Truck
Transport, and Forest images all courtesy of Dogwood Alliance, used with
permission.

Will the forests harvested for bioenergy regrow? If so,
how long will it take?

The wood bioenergy industry claims to practice sustainable
forestry and be carbon neutral (e.g., Drax 2021, Enviva
2021). The most important claim is that wood bioenergy is
carbon neutral because the harvested forests will regrow,
removing the carbon they add to the atmosphere when
burned (Table 1). However, regrowth is uncertain, and
regrowth takes time.

Regrowth is uncertain: Land harvested for bioenergy might
be converted to pasture, cropland, or development,
preventing regrowth. The carbon dioxide emitted when the
trees are burned is then never taken back up by forest
regrowth on that land. Even if the harvested land is allowed
to regrow, the trees may be harvested again, legally or
illegally. The carbon dioxide released in each rotation returns
to the atmosphere, where it worsens climate change.

Even if the recovering forest is somehow protected against
all future harvest, the trees face risks from wildfire, insects,
disease, extreme weather, and drought, all increasing as the
climate warms (Brecka et al. 2018; Xu et al. 2019, Boulton,
Lenton and Boers 2022). These factors slow or prevent
carbon dioxide removal from the atmosphere by forests and
may even convert forests from carbon sinks to carbon
sources (Gatti et al. 2021). These growing risks to regrowth
would limit the future removal of the carbon dioxide emitted
by burning wood, permanently worsening climate change.

Regrowth takes time: Even if land conversion, repeated
harvests, fire, drought, disease, and other adverse events
never arise, regrowth takes time. The time required for
regrowth to remove the carbon dioxide emitted when wood is
burned for energy is known as the “carbon debt payback
time.”

Are the forests harvested for bioenergy growing and
removing carbon dioxide now?

The US bioenergy industry uses the fact that many US
forests are growing today to claim that wood bioenergy is
carbon neutral. For example, Enviva, the largest US pellet
producer, with multiple mills in the Southeast United States,
falsely argues that “…continued forest carbon gain across
the landscape… means that products from the Southeast
U.S., including wood bioenergy, are not adding carbon
emissions to the atmosphere. As a result, when wood pellets
from this region are used to generate energy, we can set
stack emissions to zero.” (Enviva, nd; see Table 1).

It is true that forests in the Southeast US are acting as
carbon sinks today as the result of intensive management
and recovery from prior harvests. But these and other forest
carbon sinks are already accounted for in the national
greenhouse gas emissions inventories required under the
United Nations Framework Convention on Climate Change,
which sets the rules for greenhouse gas accounting under
international agreements (e.g., UNFCCC 2014). Therefore,
what counts is what happens to emissions on the margin—
that is, the incremental impact of harvesting forests for
bioenergy compared to allowing those forests to continue to
grow and serve as carbon sinks. Typical rotation periods for
working forests are far shorter than the time required for
them to reach maturity and maximum carbon storage
(Moomaw, Masino, and Faison 2019, Sohngen and Brown
2011, US Forest Service 2014). The younger the forest and
faster it is growing when harvested for bioenergy, the more
future carbon sequestration is lost.

A dynamic lifecycle assessment of wood bioenergy

To determine the impact of wood bioenergy on carbon
dioxide emissions we developed a model for dynamic
lifecycle assessment of wood bioenergy (Sterman et al.
2018a; Sterman et al. 2018b). The model includes carbon
dioxide emissions from bioenergy, carbon dioxide uptake by
regrowth, and carbon dioxide emissions avoided if wood
displaces fossil fuels. Supply chain emissions for both wood
and fossil fuels are included. Model parameters were
estimated from data on forest regrowth in a wide range of
forests in the southern and eastern USA, regions increasingly
supplying wood for pellets, much of which is exported to
Europe and the United Kingdom.

Does wood bioenergy help or harm the
climate?
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Figure 2. Impact of harvesting wood for bioenergy in 2025 from a 50-year-old
oak-hickory forest in the south central USA. Top: Change in carbon on the
harvested land (tons C per hectare). Brown: carbon in soils and dead organic
matter; Green: carbon in living biomass. Dotted line: the total carbon stock
(living biomass and soils) if the forest were not harvested in 2025. The forest
would have continued to grow and remove carbon from the atmosphere but for
being cut for bioenergy. The difference between the dotted no-harvest line and
the top of the green band is the carbon emitted into the atmosphere by the
harvest. Bottom: Change in atmospheric CO2 resulting from the harvest and
combustion of the wood. Solid line: wood displaces a zero-carbon energy
source. Dotted line: wood displaces coal. Scale: the initial rise in atmospheric
CO2 when wood displaces zero-carbon energy is normalized to 100%. The
initial rise in atmospheric CO2 when wood displaces coal is about 50% less
due to the emissions avoided by the reduction in coal use.

Figure 2 (above) shows the impact of wood harvested for
bioenergy from an oak-hickory forest, “perhaps the most
extensive deciduous forest type of eastern North America”
(Dick 2016). The simulation parameters are estimated for
oak-hickory forests in the south central United States, among
the forests used to supply wood pellets for bioenergy,
including exports to the United Kingdom (Buchholz & Gunn
2015; Sterman et al. 2018a 2018b report results for other
forests in the southern and eastern US). Most forests in the
United States have been cut multiple times. We assume the
last prior harvest was 50 years ago. To assess the dynamic
impact of wood bioenergy use, Figure 2 traces the impact of
a single harvest in 2025, showing the stocks of carbon in the
biomass and soil and the resulting change in the
concentration of carbon dioxide in the atmosphere. We
consider two scenarios:

The harvested wood is used to generate electric power
that replaces an equivalent amount of energy generated
from coal, the most carbon-intensive fossil fuel.
The harvested wood is used to generate electric power
that replaces an equivalent amount of energy produced
by zero-carbon sources (e.g., wind and solar).

The top panel of Figure 2 shows the stock of carbon on the
land harvested for bioenergy (metric tons of carbon per
hectare), including the carbon in the living biomass and in
soils and dead organic matter. The harvest and combustion
of wood for energy immediately reduces the stock of carbon
in living biomass on the land and increases atmospheric
carbon dioxide. The stock of carbon in dead biomass and soil
also begins to drop: the wood harvest reduces the flux of
carbon from living biomass to soils, while heterotrophic
respiration by bacteria, fungi, and other organisms continues
to release the carbon in dead biomass and soils into the
atmosphere. After the harvest, the forest begins to recover.
Soil carbon continues to drop for some time, however, until
the flux of carbon transferred to the soils from living biomass
exceeds the flux of carbon emitted to the atmosphere from
the soil by heterotrophic respiration.

The simulation assumes the land is harvested 50 years after
the last rotation. The forest at that time is still recovering. The
dotted line in the top panel of Figure 2 shows that the total
stock of carbon on that land would have continued to grow
through 2200 (and beyond), but for the harvest for bioenergy.
The difference between the no-harvest and harvest cases is
the quantity of carbon lost to the atmosphere due to the
bioenergy harvest. The bioenergy harvest not only adds the
carbon extracted and burned to the atmosphere, but prevents
the additional growth that would have occurred had the forest
not been harvested.

The bottom panel of Figure 2 shows the change in the
concentration of carbon dioxide in the atmosphere for the two
scenarios above. The figure shows the evolution of
atmospheric carbon dioxide relative to the no-harvest case,
scaled relative to the magnitude of the initial change in
carbon dioxide when the wood displaces zero-carbon energy
such as wind and solar (the absolute change in atmospheric
carbon dioxide depends on the amount of wood harvested
and burned). Cutting and burning trees for bioenergy
immediately increases the concentration of carbon dioxide in
the atmosphere. The jump in atmospheric carbon dioxide
when wood displaces coal is approximately half as much as
when the wood displaces zero-carbon energy.  The impact of
displacing other fossil fuels such as fuel oil or fossil
(“natural”) gas lies between the coal and zero-carbon
scenarios because these fuels emit less carbon dioxide per
kilowatt-hour than coal, but of course more than wind or
solar.

Note that, in both cases atmospheric carbon dioxide
continues to increase through approximately 2040, 15 years
after the assumed harvest in 2025. Although the harvested
land begins to regrow immediately, seedlings and saplings
have much smaller leaf area for photosynthesis and
accumulate carbon slower than older trees. Consequently,
the carbon sequestered by regrowth is initially less than the
carbon the forest would have stored had it not been
harvested.

After approximately the year 2040, the excess carbon dioxide
in the atmosphere from the harvest and combustion of the
wood begins to fall as regrowth outpaces the growth in
carbon in the no-harvest case. However, atmospheric carbon
dioxide remains above the level it would have had but for the
harvest well beyond the year 2100. Even when wood
displaces coal, the excess carbon dioxide is not taken back
up by forest regrowth until after the year 2140: The carbon
debt payback time in this scenario is approximately 115
years. When the wood displaces zero-carbon energy,
atmospheric carbon dioxide remains above its initial level
well past the year 2200.

The simulation shows the impact of clearing a stand of forest
and using the wood for bioenergy. The bioenergy industry
claims that they practice what they call “sustainable” forestry
—avoiding clearcutting, taking only residues from lumber and
pulpwood harvests, or thinning forests by taking only small or
diseased trees. Environmental groups, however, have
documented the harvest of large trees and clear-cutting by
the industry (Norton et al. 2019; Stashwick et al. 2019;
Stashwick et al. 2017). To address this issue, we also
simulated the impact of thinning, in which only 25 percent of
the living biomass is removed from the harvested forest
(Sterman et al. 2018a 2018b). Across all the forests
examined, thinning reduces the carbon debt payback times
somewhat. For example, in the scenario shown in Figure 2,
thinning reduces the carbon debt payback year from 2140 to
2115—still too late.

The simulations favor wood bioenergy. We assume that the
land remains forested, that the forest grows back without any
subsequent harvest, and that it suffers no losses from
wildfire, disease, insects, extreme weather or other threats to
regrowth. We do not consider additional carbon loss from
soils due to the disturbance caused by the harvest. We do
not consider non-climate harms from wood harvest and
bioenergy production, including habitat fragmentation, loss of
biodiversity, and the health effects of exposure to particulates
and other pollutants from wood processing and power plants.

To track the impact of wood bioenergy, the simulation shows
the impact of harvesting and burning wood for energy in a
single year. But the bioenergy industry is growing rapidly,
stimulated by the false declaration that wood is carbon
neutral and resulting subsidies in many nations. The
International Energy Agency reports primary energy from
biomass for electricity generation grew at an average rate of
more than 6 percent per year between 1990 and 2018 (IEA
2020). The IEA’s “Net-Zero by 2050” scenario projects
modern bioenergy—which includes wood—will grow by more
than a factor of four by 2050 (IEA 2021b).

What happens to atmospheric carbon dioxide in the realistic
case of growing wood bioenergy use? Each year the carbon
dioxide emissions from cutting and burning wood would
exceed the removal of carbon dioxide by regrowth,
continually increasing the concentration of carbon dioxide in
the atmosphere, just as filling your bathtub faster than it
drains will continually raise the level of water in the tub (until
it overflows and damages your home).

The situation is analogous to a government that runs a
continually growing fiscal deficit. The outstanding debt rises
every year even if the government fully repays every bond it
issues at maturity. In the same way, the growing use of wood
bioenergy adds more carbon dioxide to the atmosphere
every year, increasing the outstanding carbon debt, even if
the forests are managed sustainably and all harvested lands
eventually recover enough to fully repay the carbon debt
incurred when the wood was extracted and burned.

Eventual carbon neutrality is not climate neutrality

Even under the best case where wood displaces coal,
regrowth does not remove the excess carbon dioxide emitted
by wood for many decades or more, and far longer if the
harvested forests are growing today—as most are—and far
more if wood displaces other fossil fuels. At that future time,
wood bioenergy can be said to have achieved carbon
neutrality. Until then, wood bioenergy increases the level of
carbon dioxide in the atmosphere above what it would have
been, accelerating global warming.

But is the climate impact of that additional warming reversed
if regrowth finally removes the excess carbon dioxide? Is
eventual carbon neutrality the same as climate neutrality?

The answer is “No.”

Even temporarily elevated levels of atmospheric carbon
dioxide cause irreversible climate damage (IPCC 2022;
Solomon et al. 2009). The excess carbon dioxide from wood
bioenergy begins warming the climate immediately upon
entering the atmosphere. The harms caused by that
additional warming are not undone even if the carbon debt
from wood energy is eventually repaid: The Greenland and
Antarctic ice sheets melt faster, sea level rises higher,
wildfires become more likely, permafrost thaws faster, and
storms intensify more than if the wood had not been burned.
Eventual full forest recovery will not replace lost ice, lower
sea level, undo climate disasters, put carbon back into
permafrost, or bring back homes lost to floods or wildfires.
The excess warming from wood bioenergy increases the
chances of going beyond various climate tipping points that
could lead to runaway climate change: emissions “pathways
that overshoot 1.5°C run a greater risk of passing through
‘tipping points’, thresholds beyond which certain impacts can
no longer be avoided even if temperatures are brought back
down later on” (IPCC 2018, p. 283). Carbon neutrality is not
climate neutrality.

Why does it matter? We have already raised global average
surface temperatures about 1.1 degrees Celsius (2 degrees
Fahrenheit) above preindustrial levels, and most of humanity
already suffers from its effects (Callaghan et al. 2021, IPCC
2022). The consequences of warming beyond 2 degrees
Celsius are expected to be devastating. Sea levels could rise
by well over a meter by the end of this century, exposing
millions of people to coastal flooding (Kulp & Strauss 2019).
More than half the world’s people would be exposed to
deadly heat waves (Mora et al. 2017). The yields of crops 
including wheat, maize, rice, and soy would fall even as the
United Nations projects that world population will grow by
billions (Zhao et al. 2017, United Nations 2019). Droughts,
wildfires, and intense storms will become more frequent and
extreme (IPCC 2018). Warming could push the Earth beyond
various tipping points that could lead to irreversible harm
(IPCC 2018). These impacts would intensify hunger,
economic disruption, mass migration, civil conflict, and war
(Burke et al. 2015; Hsiang & Burke 2014; Koubi 2019; Levy
2019). Scientists and nearly all nations on Earth therefore
agree that global greenhouse gas emissions must fall as
deeply and quickly as possible, reaching net zero by
approximately midcentury.

Wood bioenergy moves the world in the wrong direction.

Policy implications

What can be done? First, policies that treat wood bioenergy
as carbon neutral must end. These policies allow power
plants and nations to ignore the carbon dioxide they emit by
burning wood on the false assumption that those emissions
are quickly offset by forest growth somewhere else, creating
a “critical climate accounting error” (Searchinger, et al. 2009).
The carbon dioxide emitted from wood should be counted the
same way emissions from other fuels are: fully, at the point of
combustion.

Second, subsidies for wood bioenergy must end. Subsidizing
wood bioenergy means taxpayers are paying pellet and
power producers to make climate change worse.

Third, the fact that wood bioenergy is worse than coal in no
way justifies the continued use of coal or any fossil fuel. To
avoid the worst harms from climate change we must not only
keep the vast majority of remaining fossilized carbon in the
ground, we must also keep the vast majority of the carbon in
our forests on the land.

The good news is that existing technologies such as energy
efficiency, and the use of renewables such as solar, wind,
and geothermal energy, can meet people’s needs for comfort,
light, mobility, communication, and other purposes. The costs
of these technologies are falling rapidly, and in many places
are already lower than fossil fuels (IEA 2021a). Innovations in
clean energy, energy storage, smart grids, and other
technologies are expanding our ability to meet everyone’s
energy needs affordably. Unlike wood bioenergy, these
technologies allow forests to continue growing and
sequestering atmospheric carbon dioxide. Investments in
energy efficiency and clean energy also generate multiple co-
benefits including increased community resilience, jobs, and
improved health and economic well-being, especially for low-
income individuals and households (Belesova et al. 2020;
Burke et al. 2018; IEA 2021a; IPCC 2018; Pollin et al. 2014;
Shindell et al. 2018). In contrast, particulate emissions and
other pollutants from wood bioenergy damage human health
(Allergy & Asthma Network et al. 2016).

To keep global warming under 2 degrees Celsius, net
greenhouse gas emissions must fall to net zero by
approximately mid-century, less than 30 years from now.
Wood bioenergy increases greenhouse gas emissions and
makes climate change worse during these critical years and
beyond, even if the wood displaces coal. More effective ways
to cut greenhouse gas emissions and meet human needs are
available and affordable now. Ending subsidies and policies
that promote wood bioenergy will reduce emissions and allow
forests to continue to grow, preserving their vital role as
carbon sinks that moderate climate change.
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2 COMMENTS

Jennifer Smith   3 years ago

Very interesting and informative. However, there are other
factors to take into account. Where I am (New Hampshire),
the forest products industry is using mature trees for lumber.
Much of that is then sequestered carbon. The use of tops for
chip and pellet production helps keep land forested that
might be developed in the near future permanently reducing
forest cover. I don’t know whether the 25%estimate for
thinning is accurate. It sounds high sine most foresters are
only taking high quality, large trees. Many medium size trees
now have more rapid growth from increased share of the
canopy. The use… Read more »

2  Reply

Bruce Laird   2 years ago

Why is there no mention of the amount of CO2 and methane
generated as a result of mining, conditioning and transporting
coal? There is also no mention of the escape of coalbed
methane when coal mines are closed, which in most cases is
unregulated and unmetered and means large volumes of
methane leach into the atmosphere for years after the mine
has been closed. When comparing wood vs coal, there
needs to be balance in respect to the comparison of
processing, conditioning, transportation and
decommissioning.
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