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Abstract

Wood bioenergy has become an important renewable energy source in the EU
and UK, driven largely by generous subsidies. Yet burning wood emits more
COg3 than coal at the smokestack. Any climate benefit therefore depends on
how subsidies affect landowners’ decisions and whether the resulting change
in forest carbon stocks offsets these emissions. I study the effects of these
subsidies on landowners in the US South—the world’s main wood bioenergy
exporter—and find the opposite: the forest carbon sink weakens, reflecting
reduced sequestration, making the policy counterproductive both at the point
of emissions and in the forest. To identify these effects, I develop a dynamic
structural model combining land-use and harvesting decisions under local
oligopsony power to capture the trade-off landowners face between harvesting,
costly replanting, and alternative land uses. The model is estimated on a
panel of 5.1 million land plots built from remote-sensing data on land use,
harvesting, and biomass. Results show that policy-induced harvesting is not
offset by increases in planting, leading to net deforestation and declining forest
carbon stocks. The impact is substantial: in 2024, the estimated reduction
in annual carbon sequestration equals 1.4 percent of UK emissions, and by
2050, the social cost of lost forest carbon is projected to reach $53 billion. The
analysis suggests that location-based sourcing restrictions could reverse this
negative impact and deliver social benefits instead.
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1. Introduction

Since the EU’s 2009 Renewable Energy Directive (RED-I), subsidies have made wood bioenergy
a dominant feature of renewable energy policy in the EU and UK. By 2020, the original end
date for RED-I, wood accounted for roughly 30% of the EU’s renewable energy consumption
and about 8% of UK electricity generation (European Commission), 2024; Department for
Energy Security and Net Zero, 2025)[] Yet subsidizing wood remains controversial because
burning wood emits about 20 percent more CO, than coal per unit of energy. Thus, the net
effect on atmospheric carbon depends on how landowners respond to subsidy driven price

changes and how those responses affect forest carbon stocks.

Landowners can, in principle, supply bioenergy from existing waste-wood streams, which
would benefit the climate. In practice, however, even when firms report sourcing waste wood,
these materials may have otherwise supplied other buyers, causing them to substitute toward
new harvests. As a result, feedstock data alone cannot reveal whether increased bioenergy
demand sources from waste streams or induces new harvests. What matters is the aggregate
market-level response—how the sector adjusts harvesting, replanting, and land use when
subsidies raise expected prices. Measuring that adjustment is key to identifying the marginal

source of wood bioenergy and how bioenergy demand alters forest carbon.

This paper provides empirical evidence on these aggregate market-level adjustments. It
estimates how landowner harvesting, replanting, and land use decisions respond to bioenergy
subsidies to identify where the marginal unit of wood is supplied from and how these responses
affect the forest carbon stock over time. Together, these results provide a basis for evaluating

whether wood bioenergy can truly be considered renewable.

To study these dynamics, I focus on the US South, which became the world’s main export
region for wood bioenergy following RED-I. I construct a novel, high-resolution spatial dataset
on annual land use, harvesting, forest biomass, and market conditions across the region from
2000 to 2023. The dataset integrates multiple remote-sensing products with local measures of
prices, market structure, site accessibility, and agricultural suitability, providing the richest
data yet used to study forest-sector responses. With over one billion 30-meter grid cells as
the unit of observation, these data capture both the ecological and economic conditions under

which landowners operate at a continental scale.

The aggregate market response I study arises from the behavior of individual landowners.

Subsidies for wood bioenergy prompted the entry of pellet mills as new wood buyers. Impor-

UK electricity data are from DUKES Table 6.2 and refer to plant biomass, which is predominantly
wood-based.



tantly, because logs are bulky and expensive to transport, landowners sell to a limited number
of nearby mills, creating localized oligopsony markets where local competition shapes prices.
Pellet mill entry increased local competition, raising prices paid to landowners and incentives
to harvest. After harvesting, landowners face a fixed cost to either re-establish forests or
convert land to another use, and the relative profitability of these options varies across space.
This leads to imperfect replanting, as some landowners choose to exit forestry rather than
reinvest. Higher prices also encourage more replanting and, in some cases, afforestation, with

both responses shaped by planting costs and the value of alternative land uses.

Given the fixed costs of switching land use and the slow biological growth of trees,
landowners are forward-looking: they form expectations about future prices and market
conditions when deciding whether to harvest, plant trees, or convert land. I formalize their
decision process in a single-agent dynamic discrete choice model that unifies harvest-timing
and land-use decisions. Critically, the model extends the literature on dynamic land use
by incorporating locally concentrated oligopsony markets. Observable prices—driven by
international demand for wood products and regional transport costs—lack the spatial
resolution needed to capture the effective prices landowners receive, which depend on local
oligopsony power and markdowns. Ignoring this would systematically mismeasure prices
and bias estimates of how landowners respond. The model links bioenergy-driven mill entry
induced by RED-I to changes in local markdowns and expectations, identifying the true

behavioral responses that determine forest carbon outcomes.

The model is estimated by Nested Pseudo Likelihood (Aguirregabiria and Miray, 2002)) on
a 5-million-plot sample drawn from an evenly spaced grid spanning the entire study region
during the post-policy period. All estimates have the expected signs and are statistically
significant: harvesting costs rise with slope, insect risk increases forest upkeep costs, outside-
option values are higher near cities and productive farmland, and greater mill competition
substantially raises expected returns to harvesting. The model closely replicates observed land-

use transitions and harvest patterns, providing a strong basis for counterfactual simulations.

Using the estimated model, I simulate harvest behavior, biomass accumulation, and carbon
flux from the start of RED-I through 2050 under observed conditions with bioenergy mills.
I then construct a counterfactual that removes wood bioenergy mills, which alters local
markdowns and expected returns to harvesting and replanting. By comparing these two

simulations, I obtain an estimate of the induced harvests and impact on forest carbon flux
due to RED-I subsidies.

The simulations show that nearly all of the wood required to match observed US bioenergy



production is supplied through increased harvesting rather than waste wood ] This contrasts
with feedstock data from [U.S. Energy Information Administration| (2025), which indicate
that only 10-20 percent of bioenergy production comes directly from harvested logs. The
discrepancy reflects both measurement issues in the feedstock data and feedstock substitution
across millsP| Feedstock substitution is consistent with US Forest Service (USFS) data
showing that the primary form of waste wood—sawdust—was already over 99 percent utilized
prior to RED-I (Johnson et al.; 2011). These results indicate that most of the wood supplying
subsidy-induced demand is sourced from new harvests. Accordingly, realizing climate benefits
depends on whether and when the ensuing carbon debt from these additional harvests is

repaid through forest regrowth.

The estimated increase in harvesting translates into a measurable weakening of the forest
carbon sink. While forests in both scenarios continue to absorb carbon, the model estimates
imply substantially slower biomass accumulation due to bioenergy subsidies. This implies
that wood bioenergy from the US South is more carbon-intensive than coal. In 2024, annual
carbon sequestration is estimated to be roughly 5 million metric tonnes lower than it would
have been without subsidies, equivalent to 1.4% of UK emissions. Through 2050, this results
in a present value social cost of lost forest carbon of roughly $53 billion (2020 USD) valued
using the EPA’s social cost of carbon estimates (U.S. Environmental Protection Agency,
2023a).ﬁ The carbon debt from induced harvests is not repaid within any relevant horizon as
slower sequestration persists for over 250 years. Even with carbon capture and storage at the
point of combustion, atmospheric COy would continue to rise due to the loss of forest carbon

stock.

These findings challenge the prevailing view of wood bioenergy as carbon neutral. Prior
studies on wood bioenergy have found simulated increases in carbon stocks or near-term
carbon neutrality (Abt et al., 2014} |/Aguilar et al., 2022). However, |Abt et al.| (2014) and
Duden et al.| (2023) use partial-equilibrium simulations that assume perfect replanting, while
Aguilar et al.| (2022)) employs a reduced-form design limited to forested plots and does not
capture land-use changes. In contrast, my findings align with the carbon-accounting concerns
first raised by |[Searchinger et al. (2009) and later emphasized in Searchinger et al. (2018,

2022), who argue that wood bioenergy’s climate benefits depend on complete regrowth

20ther empirical evidence supports this finding: [Williams and Xi (2021) document higher harvest rates
in bioenergy sourcing regions using spatial data on harvested area, while Parajuli et al. (2024]) report a
persistent though statistically insignificant increase in harvesting using aggregated data.

3Specifically, the data categorize minimally processed wood handled on-site as waste rather than as newly
harvested material.

4The value used in this paper relies on the path of social costs implied by the 2% near-term Ramsey
discount rate which begins at $190 per tonne of CO5 and increases to $310 in 2050. All values are discounted
to 2020.



and the absence of land-use displacement. This paper provides the rst empirical test of
those mechanisms, combining observed land-use and biomass transitions within a dynamic
structural framework. Imperfect replanting documented directly in the data leads to
land-use switching after harvest that is not o set by additional forest establishment. This
mechanism leads the model to predict a cumulative loss of roughly 1,500 %of forest by
2050, comparable to the size of metropolitan Orlando. This loss of forest area underlies the
persistent reduction in carbon sequestration.

These aggregate e ects mask important spatial heterogeneity that suggests targeted policy
responses. | decompose the results by forest type and land value, revealing that the declines
in forest area and forest carbon are not uniform. Most carbon losses occur in hardwood
forests and areas with high agricultural or urban development value, while softwood forests in
lower-value regions exhibit increased forest carbon. Accordingly, existing policy frameworks
such as the EU Deforestation Regulation (EUDR) and the UK's forthcoming Forest Risk
Commodity Regulation could integrate spatial sourcing criteria to favor low-agricultural-value
softwood regions and restrict sourcing from areas with high development pressure or hardwood
dominance. Embedding such spatial targeting within deforestation laws would help ensure
that renewable energy policies deliver genuine climate bene ts.

Related Literature This paper relates to several strands in the literature. Most directly,

it builds on models of forestry and harvest behavior in the tradition of Faustmann (1849),
extended to stochastic settings by Provencher (1995a,b), who formulate harvest timing as a
dynamic discrete choice model in the spirit of Rust (1987). Later work extends this framework
to interdependent forest products|(Wu et al., 2022), to climate adaptation and species-rotation
dynamics under changing environmental and carbon price conditions (Guo and Costello,
2013; Hashida and Lewis, 2019), and to spatially heterogeneous harvesting costs (Rust and
Paarsch, 2020). My paper is closely related to Rust and Paarsch (2020), who model harvest
timing as a function of detailed spatial cost heterogeneity. | extend this approach to an
estimable framework at a continental scale that incorporates spatially heterogeneous costs
and uni es the extensive (land use) and intensive (harvest timing) margins within a single
dynamic discrete choice model that incorporates market power, imperfect replanting, and
landowner amenity preferences following Hartman (1976).

Methodologically, | build on a growing literature estimating discrete choice models to study
land use and environmental policy (Scott, 2014; Souza-Rodrigues, 2019; Sant'/Anna, 2024;
Araujo et al., 2025; Hsiao, 2025). These papers typically examine how biofuel subsidies or
agricultural policies a ect land use and deforestation-related emissions by modeling long-run
price changes and allowing landowners to convert forest to nonforest land subject to switching
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costs. Souza-Rodrigues (2019) provides the static foundation for this literature which is
extended to dynamic settings in subsequent work by Sant'/Anna (2024) and Araujo et al.
(2025). | contribute by modeling the inverse problem wood bioenergy subsidies that raise
the value of forested land and cause transitions into forestry and by introducing a novel
interaction between buyer concentration and landowner behavior by embedding markdowns
directly in the discrete choice framework.

This paper also relates to the literature on timber markets and price formation (Baldwin
et al., 1997; Athey and Levin, 2001; Haile, 2001; Li and Perrigne, 2003; Athey et al., 2011;
Préget and Waelbroeck, 2012; Kuehn, 2019), which shows how competition, information, and
market structure a ect prices. While | do not model auctions explicitly, | build on the insight
from this literature that local buyer concentration a ects prices paid to sellers. | incorporate
buyer concentration through reduced-form markdowns in the landowner's decision problem,
linking local mill competition to harvest and replanting decisions.

The remainder of the paper proceeds as follows. Section 2 provides background on wood
bioenergy policies and an overview of the forestry industry in the US South. Section 3
introduces an expository carbon accounting framewaork that highlights the conditions required
for bioenergy to deliver climate bene ts. Section 4 describes the data and presents descriptive
evidence that motivates the model and counterfactual design. Section 5 develops the dynamic
model, and Section 6 discusses its estimation. Section 7 presents the counterfactual simulations
and results. Section 8 concludes.

2. Background

In this section, | provide background on the policy and industry context that motivate the
analysis, focusing rst on the evolution of European wood-bioenergy policy and then on the
structure of the US forestry sector.

Policy Setting The European Union's Renewable Energy Directive (RED-I), enacted in

2009, was the rst major policy to subsidize wood bioenergy as part of its decarbonization
agenda. The inclusion of wood as a renewable energy source has been controversial because
combustion emits more greenhouse gases at the smokestack than coal or naturaPgdsder
RED-I, member states were required to submit National Renewable Action Plans (NRAPS)
detailing how they would meet their 2020 renewable-energy targets. Most had implemented
incentives for renewable energy by 2011, with several starting earlier.

SWood pellets in particular produce roughly 1.2 times the amount of CQ, per joule than coal, and more
than 2 times that of natural gas.



While wood bioenergy was a signi cant energy source prior to RED-I, mainly in residential
heating, its use expanded substantially following the directive's implementation. After RED-I,
member states began to subsidize wood bioenergy both in residential heating and large-scale
electricity generating facilities. Member states, such as Italy, France, and Germany, subsidized
small-scale biomass stoves and boilers; while others, such as the Netherlands, Denmark, and
the UK, subsidized co- ring biomass in coal facilities. In both cases, wood pellets are the
preferred fuel due to their low moisture content, uniform size, increased e ciency, and lowered
trade costs for bulk international shipping. The scale of biomass energy subsidies drove the
increase in supply from this energy source. Annual subsidies for all forms of biomass in
the EU have ranged from $9-$20 billion, similar in scale to subsidies for wind, and about
two-thirds of subsidies for solar energy (European Commission, 2021).

National spending on wood bioenergy is di cult to isolate precisely as subsidies target
solid biomass for heat or electricity, and agricultural and wood-based biomass fuels are largely
fungible in energy production. For solid biomass used in electricity generation, predominantly
wood pellets, subsidies have ranged from roughly $5 $5.5 billion across the EU (Smith et al.,
2022). Annual UK subsidies for co- ring wood have totaled $1.0-$2.2 billion, about half
the level of wind subsidies and twice that of solar (Smith et al., 2022; UK National Audit
O ce, 2025). These programs drove the conversion of coal plants to biomass and enabled
the full coal phase-out by 2024. These subsidies are in addition to the exemptions from
carbon taxation on smokestack emissions from burning biomass, which are substantial given
the fuel's low e ciency. For example, UK wood-pellet combustion has accounted for 2 4
percent of national greenhouse gas emissions since RED-I. In 2020, exemptions from the EU
Emissions Trading System (ETS) equated to approximately $1 billion in the UK, while across
the EU the corresponding exemption equated to nearly $11 billion.

This policy support caused demand for wood bioenergy to exceed domestic supply in
many member states, leading to large imports of wood pellets. This is especially true in
the UK, which became Europe's largest importer of wood bioener§yFigure 1 shows how
this excess demand was met almost entirely by exports from the US SolttPrior to the

5The EU Emissions Trading System also exempts biomass fuels from carbon taxation which may have
increased usage in some industries; but, due to low carbon prices in the 2005-2009 period, the impact was
much more limited than the direct supports put in place by member countries after RED-I was passed.

"Authors calculations. Pellet usage in the EU and UK come from USDA Wood Pellet Annual reports,
which are converted to CO, emissions using the o cial EU smokestack conversion factor. These are then
valued using the average annual ETS auction value in 2024.

8In 2020, the UK accounted for 65% of net imports of wood pellets in the EU prior to leaving. UK wood
pellets are primarily sourced from the United States, which provided 77% of imports (US Import & Export
Merchandise Trade Statistics, Port-level HS6 data, 2024, author's calculations).

9This region supplied nearly 99% of all US pellet exports after RED-I (US Import & Export Merchandise
Trade Statistics, Port-level HS6 data, 2024, author's calculations)
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policy, US wood pellet exports were e ectively zero, and expanded sharply after 2011 as
NRAPs were implemented, demonstrating how European policy directly restructured US
wood markets. The US South thus provides an ideal setting to study the e ects of RED-I
subsidies on landowner behavior, as the e ect of the subsidies can be identi ed from the
entry of new export-oriented wood bioenergy mills.

Figure 1: Wood Bioenergy Trade

Source: UK import data is from Eurostat HS4 trade data (4401: Fuel Wood), while US export data
source is from US Import & Export Merchandise Trade Statistics, Port-level HS6 data (440131: Wood
Pellets). Exports from southern ports calculated by author.

By 2020, RED-I's EU-wide 20% target was achieved. However, this was largely due to
wood burning: 30% of EU renewable energy consumption in 2020 was from wood-based
biomass products (European Commission, 2024). In the UK, which predominantly subsidized
wood bioenergy in electricity generation, 8.3% of all electricity generated was directly from
wood pellets in 2020 (Department for Energy Security and Net Zero, 202%).

Although RED-I's main policy objectives were achieved by 2020, demand for wood
bioenergy is expected to keep growing. Revisions to RED-I in 2018 and 2023 raised the EU's
renewable energy targets for 2030 to 32 percent and 42.5 percent, respectively, reinforcing
continued reliance on biomas$ Since leaving the EU, the UK has followed a similar path

Owhile the o cial data is for electricity generation from all forms of plant biomass, the report notes that
this category is predominantly wood pellets.

1Recent revisions to RED also introduced stricter sustainability criteria, prompting several countries to
enact national limits on biomass subsidies (e.g. Netherlands, Slovakia, Portugal), re ecting growing climate
compatibility concerns of biomass power.



under the Climate Change Act, which retained most domestic renewable energy suppd#s.
Together, these policies continue to encourage wood bioenergy use, and are projected to
require roughly twice the current annual wood harvest (Searchinger et al., 2018; European
Commission, Joint Research Centre, 2024).

Industry Background The structure of the forestry market guides my modeling decisions

and provides the means by which landowner choices respond to changes in bioenergy policy.
Over 90 percent of land in the US South is privately owned, with forests accounting for
about half of the total land area. Forest cover has declined steadily since the early 1990s,
largely driven by urban expansion (Wear and Greis, 2013). Governments own roughly 14
percent of forested land, which are often restricted to remain forested, but are not protected
from harvesting and are actively managed for commercial vald&.Among private owners,
individuals and families are the largest ownership group, followed by institutional investors
and nally upstream mills.*

Forests consist primarily of fast-growing softwood plantations and slower-growing hardwood
forests. Wood from each type is distinct and requires di erent mill technologies for processing.
A single tree yields multiple products: high-grade sawtimber, lower-grade pulpwood, and
residues with little or no market value!® Sawtimber is sold to sawmills, while pulpwood
supplies ber-consuming mills. These mills can also substitute pulpwood with sawdust, a
byproduct of sawmills. Residues are considered waste product that is left on site to decay or
is removed via burning or disposal®

Timber is sold mainly through rst-price sealed-bid auctions in which consulting foresters
represent landowners and buyers pay for harvest and transport costs.Mills purchase wood

127 2025 decision introduced a cap to the support for wood pellets, halving subsidies by 2027 and restricting
future eligibility to plants demonstrating a credible pathway to carbon capture and storage by 2031.

130nly a small share of public forests are legally protected from harvest. These areas include national
parks, wilderness areas, and certain state conservation lands.

4 Families control approximately 55 percent of forest land although ownership is highly skewed: although
59 percent of family owners hold fewer than 10 acres, over 60 percent of family-owned acreage belongs to
owners with more than 100 acres (Caputo and Butler, 2025). Mills own approximately 4% and the remainder
of forest land is owned by institutional investors (Sass et al., 2021). Forest ownership structure has changed
over time, most notably by the exit of mills as landowners which controlled approximately 20% of land in the
1990's (Butler and Wear, 2013).

5sawtimber is the portion of the tree trunk that exceeds 12 inches in diameter. For softwood forests, it
takes approximately 25-30 years for the majority of the trees volume to be sawtimber; for hardwood forests it
takes 50-60 years. Pulpwood refers to the 4 12-inch portion of the trunk. Residues make up the remainder of
the tree (i.e. the branches, leaves).

16Residues may have some value to landowners by contributing to nutrient cycling, soil carbon maintenance,
and erosion control, all of which may increase future forest productivity.

"Recent surveys report that over 90 percent of private timber sales utilize sealed-bid auctions (Grove
et al., 2019). The winning bidder pays the landowner in full, net of forester fees.
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locally, as raw logs are bulky and costly to ship long distances relative to their value. The
majority of shipments are via truck within an average distance of 50 miles for softwoods, and
up to 75 miles for hardwoods (Gibeault and Coutu, 2015 These geographic limits mean
that any given landowner faces only a small number of potential buyers.

Following a clearcut harvest, most forests in the US South are arti cially replanted, which
requires xed-cost investments in site preparation and seedling planting. If a landowner
instead chooses to convert their land to non-forest uses, they incur additional stump removal
and land clearing costs. Harvesting typically occurs in the year of sale, with replanting or
conversion decisions taking place the following year.

Sawmills and ber-consuming mills process harvested wood into end-use products. Sawmills
are technologically specialized and process only one wood type, as production equipment and
sawing patterns are not interchangeable across species. Fiber-consuming mills include pulp,
plywood, and pellet mills. Pulp mills operate at large scale with rigid feedstock requirements,
typically processing only one wood typé? Plywood and pellet mills are smaller, more exible,
and can substitute between forest types or use residues from logging or sawdust waste from
sawmills.

In response to RED-I, pellet mills entered wood markets in the US South to supply the
growing European demand for bioenergy. Figure 2, panel (a), shows that the capacity of
export-oriented pellet mills was e ectively zero prior to RED-I but increased sharply thereafter,
exceeding 14 million metric tonnes by 2023. As shown in panel (b), pellet mills now account
for a signi cant share of ber-consuming mill capacity across the region, representing about 15
percent of total regional wood- ber processing capacity with considerable spatial heterogeneity.
As mills compete locally for feedstock, these state-level aggregates understate their impact
on a ected landowners. Importantly, pellet mills represent new entrants into local wood
markets, as they are not owned by incumbent rms.

BHardwood mills have a larger sourcing radii due to more species-speci ¢ mill technology and a greater
spatial dispersion of harvest-ready trees.

®Natural regeneration, which requires smaller xed costs and yields slower growth remain more common
among small family owners and hardwood forests but is less prevalent overall (Schelhas et al., 2021).

20softwood pulp bers are primarily used in packaging and cardboard, while hardwood pulp is used for
tissue and ne paper products. A small number of pulp mills can substitute between wood types based on
market conditions, but due to output di erences this practice is not common.

21The initial increase in 2008 re ects the opening of the Cottondale pellet plant in Florida, which began
operation in anticipation of RED-I to supply European utilities.
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Figure 2: Growth of Pellet Mills

Source: Forisk Mill Database & Southern Environmental Law Center's Pellet Mill Database.

3. Carbon Accounting Framework

To clarify how wood bioenergy policies a ect atmospheric carbon, | introduce a simple
accounting identity-in the spirit of Searchinger et al. (2009)-linking emissions, land use, and
fuel displacement. LetA; denote atmospheric CQ in period t, and let total wood bioenergy
use beE; = H{+ Ry, whereH; is energy from newly harvested wood an@; is from residues’?
The policy-induced change in atmospheric carbon is:

Av= enhy L iz e 45 oy @

Smokestack Emissions Land Sink Displaced Emissions of Marginal Fuel k Residue Emissions

wheree, and g, are emission factors (tons C@per unit energy) for biomass and the displaced
fossil fuelk. The change in forest carbon sequestration between the policy and baseline worlds
is captured via L, which re ects adjustments in harvesting, land conversion, replanting, and
forest growth. Finally, R, represents the change in emissions from residue decompaosition or
disposal resulting from the policy. To illustrate the carbon implications for a given biomass
policy, | consider two edge cases for the source of Eesidues and new harvests.

22This includes harvest residues left on site (branches, leaves) and by-products from wood-processing mills.
The framework assumes total energy demand is xed, such that subsidies reallocate energy inputs rather than
expand overall consumption. It abstracts from upstream emissions across fuels, assuming these are similar
on average. Recent evidence suggests upstream methane leakage from natural gas may be large, narrowing
the gap between coal and gas emissions (Howarth, 2024). Upstream emissions per petajoule are higher for
wood than for coal (Tran et al., 2023); since coal remains more carbon-intensive than gas, omitting upstream
emissions does not alter the main intuition here. Finally, the framework abstracts from di erences in forest
disturbance risk across harvest frequencies, for which causal evidence remains limited.
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100% Residue Case ( E; = Ry). If all bioenergy is sourced from residues, smokestack
emissions substitute for decomposition emissions, such thaEge= R ;.2® This simpli es
the above identity to: A = L: e «E;. With no new harvesting, the land sink continues
to grow; however, landowners may still respond by planting new trees, implyingL; 0.
Because displaced fossil-fuel emissions are non-negatieyd=( 0), residue-based bioenergy
is at worst carbon-neutral and can reduce atmospheric GOf forest growth or fossil-fuel
displacement e ects are positive.

100% New Harvest Case ( E; = H{). When all bioenergy is sourced from new harvests,
carbon neutrality is harder to achieve as, > ey because wood emits more CQper unit

of energy than fossil fuels, and harvests generate additional residuesR; > 0). Carbon
neutrality therefore requires the land sink to increase by more than the combined increase in
smokestack and residue emissions:

L :>(p exEi+ R ¢

As smokestack emissions occur immediately while forest regrowth is gradual, harvested
bioenergy creates an initial carbon debt repaid only if the forest carbon sink eventually o sets
these losses.

The contrast between these edge cases highlights a key empirical question: how much of
observed bioenergy use is sourced from new harvests versus residues. Figure 3 shows that US
EIA data attribute only 10 20% of pellet feedstock to direct harvests, with the remainder
classi ed as residues. However, these classi cations obscure the true market response. First,
wood chips are counted as waste wood but often represent minimally processed harvested
trees prepared for shipping e ciency. Second, sawdust reported as a common feedstock
for pellet mills was already nearly fully utilized before the emergence of the pellet industry
(Johnson et al., 2011). In other words, feedstock data do not account for potential feedstock
substitution across competing mills. Therefore, the true harvest increases will exceed reported
shares. To capture the full market-level response, including substitution e ects, we need an
estimate of the amount harvesting that would have occurred had pellet mills never entered.
Developing that counterfactual is a core contribution of this paper: the structural model

23This simpli cation assumes residues decompose in the same year as bioenergy combustion and that
decomposition has an equal emission factors. In practice, decomposition is heterogeneous. For example,
residues are frequently burned on-site (without energy production) releasing carbon immediately while
signi cant shares are left to slowly decay over decades. Further, a share (5 20%) of the decomposing carbon
can be stabilized long-term in soils as organic matter. Thus, wood bioenergy front loads emissions, and
creates potentially larger emissions than decomposition. Accounting for a decompaosition emission lag and
soil-carbon storage would only reinforce the conclusion presented here.

11



presented below explicitly calculates the equilibrium level of market-wide harvests in the
absence of pellet-mill entry.

Figure 3: Pellet Mill Feedstock Shares, US South

Source: EIA Form 63C, Table 3. Shares computed by author. Waste wood
includes wood product manufacturing waste, bark, logging residues, wood chips,
post-consumer wood, unmerchantable wood, and other wood waste.

Over a given planning horizon T, cumulative atmospheric CQOdeclines only if:

X X X
At 0 ) L¢> [(e ewEt+ R I
t=1 t=1 t=1
Equivalently, any early losses in the land sink, i.e. Ly < 0, must be fully oset by T,
meaning the carbon debt must be repaid. As the impact of wood bioenergy policies lonis
an empirical question, a central contribution of the paper is providing a defensible estimate
of this parameter?*

4. Data & Descriptive Statistics

This paper constructs a novel, spatially explicit dataset linking annual land use, forest
biomass, and timber market conditions across the US South. The data combine 30-meter
remote-sensing products, including USFS Landscape Change Monitoring System (LCMS) for
land use, Global Forest Watch (GFW) for forest loss, and eMapr Forest Biomass Density for
aboveground biomass with species distribution maps (Williams et al., 2020) and remotely

24This condition is unchanged if carbon capture and storage is introduced, unless capture rates for biomass
substantially exceed those for fossil fuel.
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