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ARTICLE INFO ABSTRACT

Handling Editor: Jason Michael Evans Whether the use of industrial wood pellets for bioenergy is part of the problem of climate change or part of the
solution to climate change has been heavily debated in the academic and political arena. The uncertainty around
this topic is impeded by contradicting scientific assessments of carbon impacts of wood pellet use. Spatially
explicit quantification of the potential carbon impacts of increased industrial wood pellet demand, including
both indirect market and land-use change effects, is required to understand potential negative impacts on carbon
stored in the landscape. Studies that meet these requirements are scarce. This study assesses the impact of
increased wood pellet demand on carbon stocks in the landscape in the Southern US spatially explicitly and
includes the effects of demand for other wood products and land-use types. The analysis is based on IPCC cal-
culations and highly detailed survey-based biomass data for different forest types. We compare a trend of
increased wood pellet demand between 2010 and 2030 with a stable trend in wood pellet demand after 2010,
thereby quantifying the impact of increased wood pellet demand on carbon stocks in the landscape. This study
shows that modest increases in wood pellets demand (from 0.5 Mt in 2010 to 12.1 Mt in 2030), compared to a
scenario without increase in wood pellet demand (stable demand at 0.5 Mt), may result in carbon stock gains of
103-229 Mt in the landscape in the Southern US. These carbon stock increases occur due to a reduction in natural
forest loss and an increase in pine plantation area compared to a stable-demand scenario. Projected carbon
impacts of changes in wood pellet demand were smaller than carbon effects of trends in the timber market. We
introduce a new methodological framework to include both indirect market and land-use change effects into
carbon calculations in the landscape.
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2021; Natural Resources Defence Council, 2020; The New York Times,
2021; The Rachel Carson Council, 2019). Negative public perceptions of

1. Introduction

1.1. Wood pellet demand and supply

Whether or not the use of industrial wood pellets for bioenergy is
part of the problem of, or the solution to climate change is a topic that
has been heavily debated in both the academic and political arena
(Ter-Mikaelian et al., 2015). While the use of wood pellets is supported
by some as a way to reduce greenhouse gas emissions and reach climate
change targets, others have held the production of wood pellets
responsible for the destruction of forests and the contribution to the
emission of greenhouse gasses (Dogwood Alliance, 2021; Greenpeace,

bioenergy linked to these environmental risks, as well as to the local
negative effects of production and power plants, has hampered the
growth of the wood pellet sector (North and Pienaar, 2021; Upreti,
2004). The controversy surrounding the use of wood pellets for energy is
further increased by contradicting results found by scientific studies that
assess the carbon impacts of wood pellet use (reviewed by Miner et al.
2014; Booth, 2018; Cowie et al. 2021; Ter-Mikaelian et al. 2015). This
study focuses on industrial wood pellets, which are brown pellets,
derived from relatively low value feedstock and used by large-scale
district heating and co-firing electricity installations (Goh, 2013).
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From here on, we will refer to industrial wood pellets as ‘wood pellets’.

Wood pellets are easy to transport, are compatible with existing
infrastructure and can be made out of residues and waste material,
making them highly suitable as a fuel for energy production (Aguilar
et al., 2020; Spelter and Toth, 2009). The use of solid biomass for energy
production is expected to play an important role in combining a trend
towards a low carbon future with sustained economic growth (Ter-Mi-
kaelian et al., 2015; Visser et al., 2020). Several European countries have
subsidized the use of solid biomass to reach renewable energy targets
(European Commission, 2021), resulting in increased demand for wood
pellets in Europe (Booth, 2018; Ter-Mikaelian et al., 2015). For some
European countries, such as the Netherlands, the use of wood pellets is
the key contributor to reaching renewable energy targets.

The EU is the largest consumer of industrial wood pellets (used for
electricity production), importing 10.4 million tonnes in 2019 (out of
15.2 Mt of global demand, Gauthier et al. 2020). However, new markets
are emerging in Asia; Japan and the Republic of Korea imported about 1
and 3.5 million tonnes of wood pellets respectively in 2019 (Gauthier
etal., 2020; UNECE/FAO, 2020). The United States are by far the largest
producer and exporter of industrial wood pellets worldwide. The US
pellet producing sector showed a growth of 15% (in terms of volume)
between 2019 and 2020, producing 9.5 million tonnes and exporting 6.9
million tonnes of wood pellets in 2019 (primarily to Europe) (Gauthier
et al., 2020; UNECE/FAO, 2020).

About 75% of US pellets is produced in the southern region of the US
(UNECE/FAO, 2020; US International Trade Commission, 2021). Here,
wood is being sourced from plantation forests as well as natural forests,
resulting in heated public debate in both the US and in the EU about the
sustainability of wood pellets. Current debates surrounding the use of
wood pellets focus on concerns about increasing wood pellet production
in the Southern US, which have been raised for reasons including its
potential contribution to changes in land use and forest management
(Costanza et al., 2015; Prestemon and Abt, 2002) and potential subse-
quent negative impacts on biodiversity (Evans et al., 2013; NRDC, 2015;
Olesen et al., 2016; Pelkmans et al., 2014; Tarr et al., 2016) and
increased greenhouse gas emissions (Booth, 2018; Colnes et al., 2012;
Junginger et al., 2019; Yassa, 2015).

1.2. Carbon impacts of wood pellets

Although the wood pellet market has grown considerably over the
last decades, it still only represents <1% and <0.5% of harvested wood
volume and exported forest products (by weight and value respectively)
in the Southern US in 2017 (Dale et al., 2017). Nonetheless, increased
demand for wood pellets has been linked to shifts in land use and forest
management in the Southern US. Land use in the Southern US is dy-
namic, and areas of land are moving in and out of forest use over time
(Miner et al., 2014; Nepal et al., 2015; Wear, 2011). About 70% of forest
area in the Southern US is owned by private land owners (Hodges et al.,
2019; Wear and Greis, 2013). Increased demand for wood pellets and
other wood products has been projected to result in expansion of forest
area in the Southern US (Abt et al., 2009; Abt and Abt, 2013; Wang et al.,
2015), particularly due to an increase in the area of pine plantation
(Evans et al., 2013).

A shift in land use and forest management influences the carbon
stored in the landscape (Caspersen et al., 2000; Chen et al., 2006; Zhu
et al., 2010), i.e. carbon stored in aboveground biomass, belowground
biomass, dead organic material and soil carbon. Forests can capture and
store atmospheric CO, in biomass and soil, thereby contribute to
greenhouse gas mitigation (McKechnie et al., 2011). Forests in the US
South stored about 12 billion tons of carbon in 2010 (Wear and Greis,
2013), constituting the largest carbon sink in the US (Chen et al., 2006).
This carbon sink has been growing between 1963 and 2010, mainly due
to an increase in biomass of hardwood forests (Wear and Greis, 2013).
However, when forest land is cleared or wood is harvested, carbon
stored in biomass and soil decreases (although not always
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instantaneously), which can contribute to global warming (Fargione
et al., 2008).

Despite the plethora of research dedicated to the impact of wood
pellets on carbon stocks and greenhouse gas emissions, uncertainty
about the carbon impacts of wood pellets persists. Some academic
studies that assessed the carbon impact of wood pellets found a positive
impact of increased wood pellet production in the Southern US; such as
an increase in carbon stocks in forests in wood pellet procurement areas
(Aguilar et al., 2020; Sedjo and Tian, 2012), and savings in greenhouse
gas (GHG) emissions compared to the use of coal (Galik and Abt, 2016;
Wang et al., 2015). Other studies find negative impacts of wood pellets
on carbon balance relative to coal-based electricity (McKechnie et al.,
2014; Walker et al., 2010).

A review of carbon payback times (i.e. the period required for forest
regrowth and avoided fossil GHG emissions to compensate the carbon
debt created by harvesting biomass for wood pellets (Hanssen et al.,
2017)) of forest bioenergy shows a range from 0 to 4500 years (Buchholz
et al., 2016). Large ranges in results are in part due to differences in the
system boundaries of the approach, including spatial and temporal
scopes of the analyses (Dwivedi et al., 2019; Galik et al., 2015). Setting
assessment boundaries provides a major challenge and can result in
incomplete accounting (Buchholz et al., 2016). Elements such as market
effects and indirect land-use effects (Buchholz et al., 2016; Wang et al.,
2015), and their potential to result in forest expansion (Kim et al., 2018),
are frequently not included in the scope of analyses. However, in the
context of the Southern US, ignoring market effects disregards the main
driver of historical land-use change (including natural regeneration on
abandoned agricultural land and the increase of intensive forest man-
agement) and subsequent carbon stock changes. Furthermore, increased
demand for wood pellets will compete for feedstock with other wood
sectors and may divert feedstock from traditional wood products to
wood pellets (Wang et al., 2015).

The availability and price of wood pellet feedstock are strongly
influenced by developments in other large wood markets, such as the
pulp & paper and timber markets (Abt et al., 2012). Low levels of harvest
for more high-value products such as timber would reduce the avail-
ability of residues (Abt et al., 2012), which constitute a significant
portion of wood pellet feedstock (Aguilar et al., 2020), while subsequent
lower roundwood prices could stimulate the use of roundwood as a
feedstock for wood pellets (Abt et al., 2012). Due to the interconnec-
tedness of different wood markets and land uses, the assessment of the
sustainability of wood pellet demand in the Southern US requires an
integrated approach that includes the links between markets, land-use
and environmental impacts (Aguilar et al., 2020; Cowie et al., 2021;
Dale et al., 2017; Ince et al., 2011; Ter-Mikaelian et al., 2015) and as-
sesses the carbon stored in biomass and soil throughout the landscape.
Therefore, the geographical scale of impact assessments of increased
wood pellet demand should extend beyond the sourcing or production
area, in order to allow for the inclusion of potential indirect economic
and land-use change effects of carbon stocks in the landscape. Addi-
tionally, feedstock availability for wood pellets, changes in land use, and
the availability of natural resources varies strongly geographically
(Cowie et al., 2021), resulting in spatial variation in the impact of
land-use change on carbon stocks the landscape. Therefore, a high res-
olution spatial analysis of carbon impacts of increased wood pellet de-
mand is required.

1.3. Goal and objectives

The aim of this study is to determine the impact of increased wood
pellet demand on carbon stocks in the landscape in the Southern US in a
spatially explicit manner, including both indirect market and land-use
change effects. To this end, we quantified carbon stock changes in the
landscape with and without increased wood pellet demand, and assessed
the differences. We introduce a new methodological framework to
include both indirect market and land-use change effects into
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calculations of carbon in the landscape and apply this framework to
quantify the carbon stock changes in the landscape in the Southern US
between 2010 and 2030 under different trends of wood pellet demand
and demand for other wood products, and subsequent projections of
land-use change, taken from a previous study (Duden et al., 2017). In-
direct land-use change is defined as ‘a change of land use outside the
biofuel feedstock cultivation area, induced by a change in use or pro-
duction quantity of that biofuel feedstock’ (Verstegen et al., 2016). This
means that, for example, as forest land competes with and replaces
agricultural land (considered direct land-use change in this study), other
land-use changes may occur where the displaced agricultural land drives
agricultural expansion elsewhere, potentially displacing other land-use
types such as grassland, in order to meet demand for agricultural land.
We compare a scenario of increasing wood pellet demand to a scenario
with no increase in wood pellet demand, to isolate the impact of wood
pellet demand on carbon stocks in the landscape in the Southern US.

Summarizing, several governments promote the use of wood pellets,
but have faced criticism due to sustainability concerns. Ex-ante quan-
tification of the potential risks of increased wood pellet demand,
including changes in carbon stocks in the landscape, are required to
avoid negative impacts. These assessments should be spatially explicit
and include both indirect effects of market interactions and land-use
change in order to assess changes in carbon stocks (Kim et al., 2018).
Studies that meet these requirements are scarce. Some studies include
indirect market and land-use effects, but do not assess carbon impacts
spatially explicitly (Abt et al., 2012; Sedjo and Tian, 2012; Wang et al.,
2015), or at coarse spatial level (Galik et al., 2015), thereby restricting
the possibility to supply information on potential hotspots of carbon
impacts and provide input for land-use planning. This study provides a
spatially explicit assessment of carbon impacts of increased wood pellet
production in the landscape in the Southern US, including both indirect
market and land-use effects.

2. Methods
2.1. General approach

According to a global assessment by Buchholz et al. (2016), only 12%
of all reviewed studies assessing the carbon impacts of forest bioenergy
were based on field data (Buchholz et al., 2016). For the Southern US, an
exceptionally extensive database of detailed data on forest structure,
management and tree species composition, as well as soil carbon stocks,
exists in the shape of the Forest Inventory Assessment (FIA) of the USDA
Forest Service (USDA Forest Service, 2020), providing an ideal oppor-
tunity for spatially explicit carbon modelling which has been used in
various studies assessing carbon stock changes in forests in the Southern
US (e.g see (Aguilar et al., 2022)). This study compares carbon stored in
the landscape in 2010 and 2030 under different scenarios of demand for
wood pellets at a resolution of 2 x 2 km, in order to assess the impact of
wood pellet demand on carbon stocks in the landscape. The scenarios
are based on alternative trends in the demand for wood pellets and other
wood products, and consist of spatially explicit projections of land-use in
2010 and 2030 in the Southern US derived from a previous study (Duden
et al., 2017).

Spatially explicit carbon values of four carbon pools (aboveground
biomass, belowground biomass, dead organic matter and soil carbon)
for eight land-use types (grassland, cropland, urban area and 5 different
forest types) were assessed to determine the total carbon stock of the
landscape in the Southern US in 2010, and for four different scenarios in
2030. We compare a trend of increased wood pellet (Aguilar et al., 2022)
demand with a trend in which the increase in wood pellet demand is
negligible, thereby isolating and quantifying the impact of increased
wood pellet demand on the carbon that is stored in the landscape. We
also include two different trends in timber demand (high increase and
low increase in demand), based on assumptions on the growth of the US
domestic housing market. Combined, the trends in wood pellet demand
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and timber demand create 4 different scenarios. We explore wood
pellet-driven impacts on carbon storage by linking market projections,
changes in forest area, land-use transitions and environmental impact
according to the chain of driver-pressure-state-impact of the DPSIR
framework (Driver-Pressure-State-Impact-Response), which was devel-
oped as a means of structuring information in a way that is meaningful
to decision makers (Smeets and Weterings, 1999). More specifically, we
assess 1) spatial variation in carbon storage in the Southern US in 2010;
2) potential changes in carbon storage between 2010 and 2030 in the
absence of increased wood pellet demand; and 3) potential changes in
carbon storage due to increased wood pellet demand. This analysis as-
sesses carbon stocks in the landscape, but does not assess the fossil fuel
substitution and life cycle impacts in terms of wood pellet greenhouse
gas emissions.

2.2. Scenarios

The land-use projections used in this study were based on four sce-
narios, combining trends of wood pellet and timber demand, that run
from 2010 to 2030. Two alternative trends in the demand for wood
pellets were included; high demand, that assumes an increasing trend in
wood pellet demand, and low demand, which assumes a stable demand
for wood pellets between 2010 and 2030 in the Southern US. The High
wood pellet demand trend assumes wood pellet demand to increase from
0.5 Mt in 2010 to 12.1 Mt in 2030, while the Low wood pellet demand
trend assumes wood pellet demand to remain stable at the 2010 level
(0.5 Mt). These trends were derived from projections of future EU (and
UK) imports of wood pellets (Cocchi et al., 2011) and the proportion of
imports originating from the US (Boie et al., 2016). The wood pellet
market is strongly influenced by developments in the timber market
(Kanieski Da Silva et al., 2019), while timber demand is driven mainly
by the US domestic housing market (Ince and Nepal, 2012). Therefore,
two alternative trends of the developments in the timber market were
included as well. The demand for timber was assumed based on the
projected development of the domestic housing market and subsequent
demand for timber (Ince and Nepal, 2012), and assumes an increase in
timber demand of ~90 Mt between 2010 and 2030 (high demand), or an
increase of 30 Mt (low demand) between 2010 and 2030. Recent de-
velopments of the housing market roughly follow the high housing de-
mand trajectory between 2010 and2018."

Recent developments of the wood pellet market are more in line with
the high wood pellet demand scenario (Figure A3c). The two wood pellet
demand (high and low) and timber demand from the domestic housing
market (high and low) trends were combined to create four scenarios
(see Fig. 1): High housing demand & high wood pellet demand (HhHp),
High housing demand & low wood pellet demand (HhLp), Low housing
demand & high wood pellet demand (LhHp), and Low housing demand
& low wood pellet demand (LhLp). Apart from developments in the
wood pellet and timber market, scenarios also included projections of
developments in other wood markets (e.g. pulp and paper) and other
land uses (e.g. urbanization), these were the same for all scenarios. All
four scenarios include a slowly growing demand (<2% per year) from
the pulp and paper sector (based on Ince and Nepal, 2012).

Fig. 1 shows the demand for different feedstocks for wood products
under the different scenarios, which was used as input into the SubRe-
gional Timber Supply (SRTS) model (Abt et al., 2000; Galik et al., 2009).
The SRTS model produces annual estimates of changes in the area of
timberland required to fulfil the demand for wood feedstocks specified
in our scenarios at each annual timestep at a survey-unit level. The SRTS
model calculates market clearing conditions at the survey unit level,
which for our study region amounts to an average area of 25,000 km? in

! Softwood lumber production in the US South increased by 40% between
2009 and 2018 (Greenwood, 2018) while we assume an increase in demand of
33%.
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Wood feedstock demand scenarios
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Fig. 1. Trends in demand from different wood markets; housing (timber), wood pellets and pulp and paper, between 2012 and 2030, used as input for the

development of the four scenarios in this study. Taken from.

size. SRTS was run with default demand price, supply price and supply
inventory elasticities, an annual increase in agricultural rents of 2.28%
(see Figure A3d) and a transfer of 15-30% of pine and hardwood
sawtimber to the pine and hardwood pulpwood pool in the form of
residues (Duden et al., 2017). For trends of roundwood prices, which is
an output of the SRTS model used to determine timberland area changes,
see Figure A3e. SRTS determines forest area changes based on relative
changes in agricultural rent and timber rents (timber rent is based on
timber and pulpwood prices). Price responsiveness is assumed to differ
per forest type, with pine plantations being most price responsive; Pine
plantation was assumed to be 2.5 times more price responsive than other
forest types. Lowland hardwood was assumed to be 0.5 times less price
responsive because of hydrological and geographical restrictions in
allocation. Timberland area projections from SRTS were then combined
for the whole of the study area, and complemented with projections of
the required area of other land uses and used as input into the PCRaster
Land-Use Change (PLUC) model (Van der Hilst, Verstegen, Karssenberg
and Faaij, 2012; Verstegen, Karssenberg, van der Hilst and Faaij, 2012)
in order to spatially allocate changes in timberland and other land uses
at a 2 x 2 km cell level. The link between the SRTS and PLUC models
therefore consists of a soft link (Figure A3a). SRTS determines the
changes in forest area, per forest type and per year, based on demand,
inventory and price. Changes in forest area are then spatially allocated
using PLUC, which is based on an allocation order and a number of
land-use specific and spatially explicit suitability factors. SRTS thereby
determines the rate of expansion (or loss) of forest area, while PLUC
determines which land-uses are being replaced by new forest area. PLUC
allocates land-use types based on required area, allocation order and
land-use specific suitability factors (Van der Hilst et al., 2012; Verstegen
et al., 2012).

In an earlier study, the PLUC model was adapted to the context of the
Southern US by a selection of relevant land-use types and suitability
factors through literature study and regression analysis of historical land
use (2000-2010) with a number of spatially explicit explanatory vari-
ables (Duden et al., 2017). These suitability factors were validated for

the time period 2000 to 2010 using data from the National Land Cover
Database (Blackard et al., 2008). For example, the distance to wood
pellet mills and other wood using mills was found to be significantly
related to historical allocation of pine forests and upland hardwood
forests, and was therefore included as a suitability factor in the alloca-
tion of these land-use types in PLUC. In other words, the allocation of
afforestation or reforestation was, amongst other factors, influenced by
the distance to wood pellet and other wood-using mills. Land-use
modelling resulted in annual land-use maps at 2 x 2 km resolution be-
tween 2010 and 2030 for the following land-use types: urban, cropland,
pasture, pine plantation, natural pine forest, mixed forest, upland
hardwood forest, lowland hardwood forest, non-forest vegetation
(which comprises all natural land-use types not classified as forest),
federal land and water. Federal land, which includes protected areas,
was excluded from the analysis because its land use is not expected to be
influenced by market trends. Similarly, the land-use type water was
excluded from the analysis.

In all scenarios, urbanization claimed almost 20,000 km? between
2010 and 2030 (Figure A3b; Figure A3g; Table A3a). In the HhHp sce-
nario, pine plantation area increases by over 30,000 km?, while pine
plantation increases by about 25,000 km? in the HhLp and LhHp sce-
narios. In the LhLp scenario, pine plantation increases by over 6000 km?,
while natural forest area (consisting of natural pine forest, mixed forest,
upland hardwood forest and lowland hardwood forest) declines by over



A.S. Duden et al.

14,000 km?. The LhHp, HhLp and HhHp scenarios lose over 7,000 km,”
over 2000 km? and almost 500 km? of natural forest respectively. Recent
trends in forest area (2010-2017) for pine plantation show a stronger
increase than projected by our scenarios, while for natural forests the
observed decline in area falls between the high housing and low housing
demand scenarios (Figure A3h). This illustrates that strong wood mar-
kets can help to keep land in forest use. Average harvest age increased
during our model runs, from 34 to 39 years (see)Figure A3f, with no
notable differences between scenarios. Carbon stock increases due to
increased average harvest age were not included in the calculations.

The mean and sum of projected carbon stock changes between 2010
and 2030 were determined, to allow for an assessment of the carbon
impact of different land-use transitions. To that end, we identified the
seven main types of land-use transitions in the Southern US: urbaniza-
tion, pasture expansion, forest plantation expansion, conversion to planta-
tion, afforestation/reforestation, forest change and other.”

2.3. Carbon calculations

Based on the land use in 2010 and the projected land use under
different scenarios in 2030, a spatially explicit calculation of carbon
stocks and carbon stock changes in the landscape was made in order to
assess the impact of wood pellet driven land-use changes on carbon
stocks in the landscape. The Tier I approach of the IPCC guidelines for
calculations of carbon stocks were followed (IPCC, 2006). Carbon values
were determined for aboveground biomass (AGB), belowground
biomass (BGB), dead organic material (DOM) and soil.

2.3.1. Carbon in aboveground biomass

Carbon stocks in aboveground biomass is based on land use type,
land cover type and climate zone specific data. For the forest land use
types, AGB values were based on forest aboveground biomass data from
the FIA. The FIA provides detailed forest inventory data on forest
structure, management and tree species composition, and a full in-
ventory cycle of over 125,000 plots located throughout the US (Over
64,000 of which are located in the Southern US) is completed every 5-7
years. The FIA therefore provides an unusual level of detail on forest
carbon, making the US an ideal study case for carbon stock calculations.
Using the FIA EVALIDator tool interface (USDA Forest Service, 2020),
FIA data on carbon in aboveground biomass on forest land was obtained
at state level and stratified according to forest type. Aboveground
biomass values for forests are based on FIA survey data and varied ac-
cording to forest type (pine plantation, natural pine forest, mixed forest,
upland hardwood forest and lowland hardwood forest, see Table A1b) and
state (Table Alc). For urban area and for grassland, we applied IPCC
default values (Table Ala). For calculations of aboveground biomass of
cropland, statistics on the ratio of annual to perennial crops were
determined using statistics on crop type per state from the USDA (USDA
National Agricultural Statistics Service, 2019). These crop types were
classified as either annual or perennial using Table Ale and equation A3
(Annex 1).

2 Urbanization includes all transitions from non-urban land in 2010 to urban
land in 2030. Similarly, pasture expansion entails a change from non-pasture
land in 2010 to pasture land in 2030. Plantation expansion consists of a transi-
tion from non-forest land in 2010 to pine plantation in 2030, while conversion to
plantation includes a shift from natural forest land (either natural pine forest,
mixed forest, upland hardwood forest or lowland hardwood forest) in 2010 to
pine plantation in 2030. Conversion to plantation will impact carbon stocks due
to the shorter rotation periods of pine plantations, and subsequent lower carbon
stocks. Afforestation/reforestation consists of a shift from non-forest in 2010 to
natural forest in 2030, while forest change entails a shift from one natural forest
type to another. The category other includes all other land-use transitions,
including for example conversion from cropland or pasture to non-forest
vegetation.
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2.3.2. Carbon in belowground biomass

Carbon stocks in belowground biomass is determined using above-
ground biomass and root-to-shoot ratios. Carbon in belowground
biomass was determined using equation (1):

Cpee =Cacs ® R (@)

Cpgp = Carbon in belowground biomass (tonnes/ha).

Cagp = Carbon in aboveground biomass (tonnes/ha).

R = Root-to-shoot ratio (dimensionless).

We used default values for R (IPCC, 2006), which are land-use type,
amount of AGB, climate zone and land cover type specific. For forests,
this required a crosswalk between the forest types used in this study
(pine plantation, natural pine forest, mixed forest, upland hardwood forest
and lowland hardwood forest) and IPCC forest types (Tropical moist de-
ciduous forest, Subtropical humid forest, Subtropical steppe, Subtropical
mountain system, Temperate oceanic forest, Temperate continental forest —
conifers, Temperate continental forest — Quercus spp., Temperate continental
forest — broadleaf) (Table A1f). For cropland, R was determined based on
the proportion of annual and perennial crops at state level (Table Ald).

2.3.3. Carbon in dead organic material

Dead organic material was calculated using land use and forest type
specific carbon stock values from the Forest Inventory Assessment (FIA)
of the USDA Forest Service (Table A1h and (USDA Forest Service,
2020)).

2.3.4. Soil organic carbon

Soil carbon values were obtained by using soil-type specific soil
organic carbon values, which were extrapolated from inventory data of
the FIA® (Table A1f) by Domke et al. (2017) and a land-use specific stock
change factor (Table Alg), see equation (2). In the case of cropland, the
stock change factor was dependent on the ratio of annual to perennial
crops by state.

Csii =D o Fry @ Fyg © Fy 2)

Csoil = Soil organic carbon (tonnes/ha).

D = Carbon stock value per soil type and climate type (tonnes/ha).

Fry = stock change factor for land-use type (dimensionless).

Fmg = stock change factor for land management regime
(dimensionless).

F1 = stock change factor for input of organic matter (dimensionless).

2.3.5. Total carbon stocks

Carbon stocks were determined for 2010 and for the different sce-
narios in 2030. In those places where land-use change occurred, cells
were assigned the a carbon value for the new land use type, based on
2010 carbon values. This ignores the fact that carbon stocks may take
more than the 20 years between 2010 and 2030 to build up. This means
that, for example, a newly established area of forest is assigned the
forest-type and state-specific carbon value as found in the FIA database.
This FIA carbon value represents an average of carbon stocks in forests of
a specific type within a state, which include forests with a range of
different ages. Changes in carbon stocks between 2010 and 2030, as well
as between different scenarios in 2030, were calculated equation (3):

ACror = ACagg + ACggg + ACpom + ACs.i 3

ACror = Total carbon stock change* (tonnes/ha).
ACpgp = change in carbon stocks® in Above Ground Biomass
(tonnes/ha).

3 The FIA only measures soil organic carbon up to a depth of 20 cm, Domke
et al. have extrapolated this data to a depth of 30 cm using data from the In-
ternational Soil Carbon Network (Domke et al., 2017).

4 Change in carbon stocks between 2010 and 2030, or the difference between
different scenarios in 2030.
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ACpgp = change in carbon stocks® in Below Ground Biomass (tonnes/
ha).

ACgei) = change in carbon stocks 3in soils (tonnes/ha).

ACpom = change in carbon stocks® in dead organic matter (tonnes/
ha).

To assess changes in carbon stocks between 2010 and 2030 in the
absence of high demand for wood pellets, we subtracted the spatially
variable carbon stocks in 2010 from the carbon stocks in 2030 for the
HhLp scenario. To isolate the impact of increased wood pellet demand,
we subtracted the carbon stocks in 2030 under the HhHp scenario from
the HhLp scenario. These results are shown below. The impact of
increased wood pellet demand on carbon stocks was also determined for
the scenarios in which timber demand is assumed to be low (LhHp
scenario - LhLp scenario), these results are shown in Annex 2.

3. Results

The output of the carbon stock calculations consists of maps of car-
bon stocks in the landscape of the Southern US for the year 2010, and for
four scenarios in 2030: HhHp, HhLp, LhHp and LhLp. We explore wood
pellet-driven impacts on carbon stocks by assessing 1) spatial variation
in carbon stocks in the Southern US in 2010; 2) potential changes in
carbon stocks between 2010 and 2030 in the absence of increased wood
pellet demand (changes between 2010 and 2030 in the HhLp scenario);
and 3) potential changes in carbon stocks in the landscape between 2010
and 2030 due to increased wood pellet demand (difference between
HhLp and HhHp scenarios in 2030). The results for scenarios LhHp and
LhLp are shown in Annex 2.

3.1. Carbon stock in 2010

Total carbon stock in the Southern US is the sum of carbon in Above
Ground Biomass (AGB), Below Ground Biomass (BGB), carbon in Dead
Organic Material (DOM) and soil carbon, and ranges from 32 to 234
tonnes/ha in 2010 (Fig. 2b). Some hotspots occur in northern Virginia
(VA), Tennessee (TN) and western North Carolina (NC). These hotspots
occur in locations where dense forests occur, in conjunction with soil
types of relatively high carbon content, such as inceptisols (Table A1f).
Soil carbon ranges from 23 to 86 tonnes/ha. Carbon in aboveground

LU in 2010
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biomass (AGB) ranges from O to 77 tonnes/ha, with the highest stocks
occurring mainly in the northeastern regions of the study area, in the
states of Virginia (VA), Tennessee (TN) and North Carolina (NC), where
there is an abundance of dense upland hardwood forest (Fig. 2a). FIA
data shows that pine plantation forests have relatively lower carbon
stocks in aboveground biomass than the natural forest types
(Figure A2a), especially in the more western and Southern states of the
study area. The spatial pattern of BGB differs slightly from the spatial
pattern of AGB (Figure A2f) due to the spatial differences in root-to-
shoot ratios, which vary according to land-use type, climate zone and
land cover type (forest type or the ratio of annual/perennial crops).
Belowground biomass (BGB) ranges from 0 to 73 tonnes/ha, and is
highest in the temperate states Virginia (VA), Tennessee (TN) and North
Carolina (NC), because of the high aboveground biomass present in
forests and a relatively high root-to-shoot ratio. Carbon in dead organic
material (DOM) ranges from 0 to 22 tonnes/ha. Because DOM values are
relatively high in natural pine forests, spatial patterns of high values for
carbon in DOM follow the distribution of needleleaf forests .

3.2. Changes in carbon stocks between 2010 and 2030 in the low wood
pellet demand scenario

We assessed changes in carbon stocks between 2010 and 2030 in
under a scenario of stable wood pellet demand between 2010 and 2030,
but with an increasing demand for other wood products, by comparing
carbon stocks in the landscape in the Southern US in 2010 with carbon
stocks in 2030 in the HhLp scenario. Changes in total carbon stock be-
tween 2010 and 2030 in the HhLp scenario range from about —160 to
+153 tonnes/ha (Fig. 3c). Carbon stocks increase strongest in areas that
are projected to undergo afforestation/reforestation (Fig. 3b), mainly
due to an increase in carbon in aboveground and belowground biomass
(Fig. 3a). Decreases in carbon stocks occur mainly due to a loss of carbon
in aboveground and belowground biomass as a result of urbanization,
which occurs throughout the Southern US, but especially in the states of
Georgia (GA), Tennessee (TN) and North Carolina (NC, Fig. 3b).

Carbon stock changes in aboveground biomass, belowground
biomass and dead organic material show a similar spatial pattern
(Figure A2g). The spatial pattern of changes in soil carbon differs from
the pattern of AGB, BGB and DOM; Changes in soil carbon only occur in

r
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Fig. 2. Land use (LU) in the Southern US in 2010 (a) and total carbon stocks (tonne/ha) in 2010 (b). Black lines depict state borders. AL = Alabama, AR = Arkansas,
FL = Florida, GA = Georgia, LA = Louisiana, MS = Mississippi, NC = North Carolina, OK = Oklahoma, SC = South Carolina, TN = Tennessee, TX = Texas, VA =
Virginia. Carbon stocks range from 32 to 234 tonnes/ha. Gray areas have a carbon stock of 0 (figure b), white areas are excluded from the analysis (land use is water

or federal land, figure a). Projection: NAD_1983_Albers.
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Fig. 3. a) Estimated carbon losses (below x-axis) and gains (above x-axis) in Mt between 2010 and 2030 in the Southern US in the high housing demand and low
wood pellet demand (HhLp) scenario, i.e. in the absence of increased demand for wood pellets. Carbon losses and gains are shown per pool; aboveground biomass
(AGB), belowground biomass (BGB), soil and Dead Organic Material (DOM), and per land-use change category. Between 2010 and 2030 there was no crop expansion
under the HhLp scenario. b) Land use change and changes in total carbon stock (tonne/ha, b) between 2010 and 2030 under the High housing demand and low wood
pellet demand (HhLp) scenario, i.e. in the absence of increased demand for wood pellets. Black lines depict state borders. ¢) changes in total carbon stock (tonne/ha)
between 2010 and 2030 under the High housing demand and low wood pellet demand (HhLp) scenario, i.e. in the absence of increased demand for wood pellets.
Black lines depict state borders. AL = Alabama, AR = Arkansas, FL. = Florida, GA = Georgia, LA = Louisiana, MS = Mississippi, NC = North Carolina, OK =
Oklahoma, SC = South Carolina, TN = Tennessee, TX = Texas, VA = Virginia. Gray areas have not undergone land use change (a) or have no change in carbon stock
(b), white areas are excluded from the analysis (land use is water or federal land). Projection: NAD_1983_Albers.

small patches throughout the Southern US, mainly due to transitions
from cropland to pasture. Across the whole Southern US, the total net
carbon stock between 2010 and 2030 increases by ~165 Mt (1.1%
change, Table A2a) in the absence of increased wood pellet demand
(comparison of 2010 and 2030 in the HhLp scenario). When a low in-
crease in timber demand is assumed, the net change in carbon stock
between 2010 and 2030 in the absence of increased wood pellet demand
is negative at —106 Mt, a change of —0.7% (comparison of 2010 and
2030 in the LhLp scenario, Annex 2).

3.3. Changes in carbon stocks due to increased wood pellet demand

We assessed changes in carbon stocks in 2030 between HhLp and the
HhHp scenarios, to isolate and compare the potential difference in
carbon stocks in the landscape in the Southern US due to increased wood
pellet demand. Differences in total carbon stock between the scenarios
in 2030 range from about —160 to +160 tonne/ha (Fig. 4c). Gains in
carbon stocks due to increased wood pellet demand (higher carbon
stocks in 2030 in the HhHp scenario than the HhLp scenario) mainly

occur due to additional afforestation and reforestation in the HhHp
scenario (Fig. 4a), which predominantly results in higher carbon stocks
in aboveground and belowground biomass (Fig. 4a). An additional 1800
ha of natural forest is expected to be established under the HhHp sce-
nario (Figure A3b), predominantly in the states of Arkansas (AR) and
Texas (TX, Fig. 4b). Afforestation and reforestation consisted mainly in
an increase in mixed forest and natural pine forest. Decreases in carbon
stocks due to increased wood pellet demand are mainly due to conver-
sion of natural forest to pine plantation (Fig. 4a), which is projected to
occur on 9900 km?2 Most natural forests that transitioned into pine
plantation were natural pine and upland hardwood forests. This shift is
strongest in the states of Georgia (GA) and Alabama (AL, Fig. 4b).
Because both scenarios assume the same urban expansion, the differ-
ences between the two scenarios in gains or losses in carbon stocks due
to urbanization is small. Cropland did not expand between 2010 and
2030 in scenarios HhLp and the HhHp, therefore there was no gain or
loss of carbon due to crop expansion.

Summing the differences in carbon stock between the HhHp and
HhLp scenarios for the entire study region, the net difference in carbon
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Fig. 4. a) Estimated carbon losses (below x-axis) and gains (above x-axis) in Mt in the southern US in 2030 between the high housing demand and low wood pellet
demand (HhLp) scenario, i.e. in the absence of increased wood pellet demand, and the high housing demand and high wood pellet demand (HhHp) scenario, i.e. an
increase in wood pellet demand. Differences in carbon stocks are shown per pool; aboveground biomass (AGB), belowground biomass (BGB), soil and Dead Organic
Material (DOM), and per land-use change category. There was no crop expansion in 2030 when comparing the HhLp scenario to the HhHp scenario. b) Projected
changes in land use in the Southern US in 2030 between the HhLp scenario, i.e. in the absence of increased wood pellet demand, and the HhHp scenario, i.e. an
increase in wood pellet demand. c) carbon stocks (tonne/ha, b) in the Southern US in 2030 between the HhLp scenario, i.e. in the absence of increased wood pellet
demand, and the HhHp scenario, i.e. an increase in wood pellet demand.Black lines depict state borders. AL = Alabama, AR = Arkansas, FL = Florida, GA = Georgia,
LA = Louisiana, MS = Mississippi, NC = North Carolina, OK = Oklahoma, SC = South Carolina, TN = Tennessee, TX = Texas, VA = Virginia. Gray areas have not
undergone land use change (a) or have no change in carbon stock (b), white areas are excluded from the analysis (land use is water or federal land). Projection:

NAD_1983_Albers.

stock is 103 Mt (+0.7%), meaning that increased wood pellet demand
resulted in higher net carbon stocks in the landscape. The increase in
carbon stock due to increased wood pellet demand was considerably
larger in absence of a strong demand for timber (difference between the
LhHp and LhLp scenarios): an estimated 224 Mt (+1.6%) (Table A2a).

3.4. Comparison of carbon stocks in 2030 under the different scenarios

The HhLp scenario resulted in an estimated change in total carbon
stocks in the landscape in the Southern US between 2010 and 2030 of
165 Mt (Fig. 5). The HhHp scenario, which includes an increase in de-
mand for wood pellets, resulted in an increase in carbon stocks of 268
Mt. This was mainly the result of a projected increase in afforestation
and reforestation, as a result of increased demand for wood products.
The difference between the scenarios, caused by projected land-use

changes driven by additional wood pellet demand, is ~103 Mt. The
LhLp scenario, which assumes low demand for timber and no increase in
wood pellet demand, results in a loss of carbon stocks in the landscape of
—106 Mt. The LhHp scenario resulted in a gain of 123 Mt of carbon
stocks. In the absence of strong demand for timber, therefore, the impact
of increased wood pellet demand on carbon stocks was larger, and
resulted in a 229 Mt difference in carbon stocks between 2010 and 2030.
The difference between the different timber scenarios ranged from 145
Mt (high wood pellet demand) to 271 Mt (low wood pellet demand). The
impact of different assumed trends in the development of the timber
market therefore had a bigger influence on changes in carbon stocks
than the variation in wood pellet demand, according to our scenarios.
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Fig. 5. Estimated net changes, compared to 2010, in carbon stocks (in Mt) for the different carbon pools according to the different scenarios. HhHp = high housing

demand, high wood pellet demand, HhLp = high housing demand, low wood pellet demand, LhHp

= low housing demand, high wood pellet demand, LhLp = low

housing demand, low wood pellet demand. DOM = dead organic material, BGB = belowground biomass, AGB = aboveground biomass. Numbers show the total net
change in carbon stocks between 2010 and 2030 for each scenario. Red lines and numbers show the effect of increased wood pellet demand.

4. Discussion

4.1. Main results and comparison to other studies

This study aimed to quantify the carbon impact of increased wood
pellet demand, including both indirect market and land-use effects.

Carbon stock changes in the landscape in the Southern US between 2010
and 2030 were determined in a spatially explicit manner for different
trends of wood pellet demand and demand for other wood products, and
subsequent projections of land-use change. Assuming a moderate in-
crease in wood pellet demand, our results show an increase in carbon
stock in the landscape between 2010 and 2030, mainly due to additional
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afforestation and reforestation. Note, however, that these stock in-
creases may occur also after 2030. Developments in the timber market,
however, were found to have a bigger positive impact on carbon stocks
than these modest developments in the wood pellet market. In the
absence of a strong timber market, the impact of increased wood pellet
demand was still positive, but lower. Only when demand from both the
timber and the wood pellet market was assumed to be low, a loss of
carbon in the landscape was projected between 2010 and 2030. The
carbon stocks impact due to increased wood pellet demand was pro-
jected to be +102 Mt in 2030.

We compared the results of our study with the results of previous
studies. Direct comparison of our results with previous studies is
complicated due to the differences in assessment boundaries. In terms of
carbon budgets however, our results are in line with earlier findings.
Dwivedi et al. (2019) showed that, after a break-even point, using
biomass for electricity results in higher carbon stocks in the landscape
(Dwivedi et al., 2019). Coulston et al. (2015) found a 6.48 Mg C ha !
yr~! increase in carbon stocks between 2007 and 2012 for changes in
forest area in the Southern US making use of FIA data (Coulston et al.,
2015), which is in line with our findings for the LhLp scenario — which
shows an increase of 6.2 Mg C ha™! yr~. Using modelling approaches to
assess the impact of demand for wood products on forest area, increased
wood pellet demand was expected to result in increased carbon storage
in forests of ~150 Mt in 20 years (Abt et al., 2012; Sedjo and Tian,
2012), compared to 102 Mt found in this study. A study on feedstock use
and carbon flux, using a comparable scenario of wood pellet demand
increase (10 Mt by 2030, but without including land-use dynamics)
found little changes in carbon flux under different scenarios of wood
pellet mill expansion and use of logging residues (Visser et al., 2022). In
terms of spatial distribution, we found a different spatial pattern than
Galik et al. (2015), who determined changes in carbon stocks between
2009 and 2029 at a survey unit level (average size of 25,000 km? in the
Southern US). They identified hotspots of carbon stock changes as a
result of, including other factors, shifts between agriculture and forest in
eastern Louisiana, North Carolina, western Tennessee and northern
Mississippi. In contrast, we found hotspots in Oklahoma and western
Arkansas, as well as Texas. Our spatial analysis was at higher resolution
(2 x 2 km compared to survey unit level), allowing for a more detailed
impact assessment of land-use scenarios.

4.2. Model assumptions, limitations and uncertainties

Our results are subject to uncertainty. Validation of wood pellet
production (Figure A3c), forest area changes (Figure A3h) and agricul-
tural rent (Figure A3i) shows that our projections are in line with
observed changes, apart from the observed increase in pine plantation
area, which was stronger than was projected in our model. Sensitivity
analyses for agricultural rent (A3j) and the assumed availability of
logging and mill residues (Figure A3k) shows that our findings are
robust. The scenarios for wood product demand and subsequent land use
change run from 2010 to 2030. Between 2010 and the present, actual
wood pellet demand has been closest to the trajectory of the “high pellet
demand” scenario. The timber demand in 2018 was closer to the ‘high
timber demand ‘than the ‘low timber demand’ trend. Some of the inland
areas showing changes in carbon stocks do not produce wood pellets due
to the distance from export ports, projected land-use change in these
areas is the result of indirect land-use changes following wood pellet
demand-driven expansion of natural and planted forest. These indirect
land-use change effects would have been disregarded in an analysis
focussing solely on the wood pellet sourcing areas, highlighting the
importance of including a regional scope to capture indirect effects.
Feedback mechanisms in the economic model influence results.
Increased pine sawtimber consumption results in an increase in avail-
ability of mill residues, thereby offsetting pulpwood demand. We
assumed that 30% of the pine sawtimber pool is transferred to the pine
pulpwood pool in the form of mill residues. Especially in a scenario of
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high sawtimber demand and low pulpwood demand (such as the HhLp
scenario), this could result in a significant proportion of wood pellet
feedstock being made up out of residues. This becomes more relevant as
recently, new wood pellet mills have been co-located with sawmills to
increase efficiency of residue use (Drax Biomass, 2018). This recent
trend shows the drive of wood pellet producers to maximize the utili-
zation of available mill residues as wood pellet feedstock, potentially
reducing the need for other feedstock types such as live trees.

The forest carbon data used in this study was based on a highly
detailed field survey data provided by the FIA. Due to the size of the
inventory effort, it takes 5-7 years to complete a full survey, resulting in
a potential mismatch in the timing of measurements between plots.
Compared to remote sensing based assessments, FIA data tends to show
a lower variation in AGB estimates (Zheng et al., 2007), due to data
aggregation at state level. The modelling approach used to produce the
land-use projections on which this study is based has several limitations
and projections should therefore not be considered as precise pre-
dictions at the pixel level, but provide an indication of potential future
spatial patterns in that area. Economic modelling is used to assess the
required area of forest per forest type to satisfy demand for different
wood products assumes a fixed forest productivity over the modelling
period. Carbon stocks are therefore not assumed to change in this study
unless land use changes occur. Forest productivity could however in-
crease over time in the presence of strong wood markets (Abt et al.,
2012; Aguilar et al., 2020; Prestemon and Abt, 2002), for example due to
changes in forest management related to, for instance, harvest cycle or
planting densities (Jan Gerrit Geurt Jonker et al., 2018). On the other
hand, forest productivity could decline due to overexploitation. Pine
plantation productivity has been shown to grow by 0.5% per year on
average for the US South, but with some regions showing a stronger
increase (e.g. southeastern Georgia showed an increase of 2%) (USDA,
2021). Additionally, the average harvest age of forest stands increased
during our model runs, but carbon impacts related to this were not
included in the calculations. It has been shown that harvest age can have
a significant influence on carbon balances (Dwivedi et al., 2016).
However, because harvest age did not notably differ between the sce-
narios, we do not expect this to influence our results.

The forest area projections used in this study are based on the
assumption that wood pellet demand can influence timber rents, and
subsequently landowner’s decisions and resulting forest area. Pine
sawtimber is the primary rent driver in timberlands in the Southern US,
while lower value pulpwood products, such as wood pellets, have a
smaller influence on timberland rent. However, wood pellets can
become more influential in determining land rents when 1) pine
sawtimber prices are relatively low, or pine pulpwood prices are rela-
tively high (or both) and 2) wood pellet demand becomes a significant
share of the pulpwood market (large enough to influence pulpwood
prices) (Abt et al., 2021). Both of these conditions have been met in
recent years in the Southern US and were simulated using the SRTS
model. Pulpwood prices have shown to be significantly increased in the
Southern US around wood pellet mills (Kanieski Da Silva et al., 2019),
while forestry returns relative to agricultural returns were found to be
one of the main factors explaining observed timberland increase in part
of the Southern US (Ahn et al., 2002; Nagubadi and Zhang, 2005). SRTS
models timber rents and agricultural rents endogenously, while previous
studies have shown dynamic interactions between these two sectors
(Latta et al., 2013). Apart from market prices, other non-market factors
have however been shown to influence landowner decision making
related to land- and forest use, such as the need to raise money for
health, education, or retirement (Butler et al., 2017). This was shown to
be dependent on several factors including property size, and landowner
age, education and income, as well as level of active or commercial
management of the property (Aguilar et al., 2014; Hodges et al., 2019;
Joshi and Arano, 2009; Young et al., 2015). Economic modelling as-
sumes that private land owners are responsive to market signals, but
may not capture all factors involved in landowner decision making.
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The main limitation of this study is the lack of inclusion of temporal
flux within land use types in carbon calculations. We made a simple
comparison of the carbon stock in 2010 to the carbon stock in 2030
based on spatially explicit and land-use specific carbon values. This
especially impacts the results related to afforestation and reforestation,
by implicitly assuming that new forests reach the regional (state-spe-
cific) forest-type-specific average carbon stock by 2030. In reality, forest
carbon takes time to build up, especially in the case of natural forest.
Carbon recovery rate following natural forest regeneration was shown to
be about 1.47 Mg C ha ! yr ! on formerly cultivated land in the
Southern US (Huntington, 1995) but depends on factors including
land-use history and forest age (Coulston et al., 2015). At that rate, it
would take up to 50 years for new natural forests in the Southern US to
reach the average carbon stock levels of existing forests (but note that
these are average numbers, and therefore include both new and old
growth forests). Similarly, soil organic carbon may take decades or
centuries to recover from disturbance due to, for example, agricultural
development (Liu et al., 2004). The rate of soil carbon sequestration
following afforestation on cropland or pasture in the Southern US was
shown to range between 0.1 and 0.7 Mg Cha ™! yr~! (Heath et al., 2002).
As a consequence, our results may provide a relatively optimistic
outlook on future carbon stocks in the Southern US due to dynamics in
forest area and management. Future studies may include this temporal
flux within land use types, over a longer time horizon including several
rotation cycles.

4.3. Scientific novelty and recommendations for future research

We introduce a new spatially explicit methodological frame-
work to include both indirect market and land-use change effects
into calculations of carbon in the landscape. This study provides a
spatially explicit assessment of carbon stock impacts of increased wood
pellet demands in the Southern US to include both market effects and
indirect land-use change, making use of high quality field survey-based
data. Previous studies have assessed land-use changes based on timber
market changes (Bigelow et al., 2022; Hardie and Parks, 1997; Lubowski
et al., 2006a, 2006b; Wear, 2011). The novelty of this approach consists
of the combined economic and spatial modelling, which allows for
carbon impact assessment based on projected land-use transitions that
take into account demand for different wood feedstocks, as well as other
land uses, spatial variation in carbon stocks of different soil and forest
types, and comparison of these impacts to the carbon effects of other
drivers of land use change. This allows for identification of potential
hotspots of change in carbon stocks at high resolution. This allows for
identification of potential hotspots of change at high resolution. This
study, in line with previous studies (Abt et al., 2012; Aguilar et al., 2020;
Galik et al., 2015; Sedjo and Tian, 2012; Wang et al., 2015), has iden-
tified both benefits and risks of increased wood pellet production, and
has shown that environmental impacts are context- and location
specific.

Future studies may want to assess more extreme scenarios of
demand for wood pellets and include additional temporal dy-
namics. It is highly uncertain whether the rapid growth of the Us pellets
sector observed over the last decade will continue. The prime market for
these pellets is industrial use in the EU, where the EU parliament has
recently voted in favor of phasing out the use of whole trees (which
likely includes the pulp wood used as main feedstock in US pellet mills)
for power and heat. Also, national member states have cut subsidies for
co-firing wood pellets in the coming years. While other markets may
emerge (e.g. In the Far east), these markets may also be served by e.g.
Canada or local supply. Thus, it may well be that US pellets production
stabilizes around 10 million tonnes in the coming years. An assumed
wood pellet demand of 12 Mt in 2030 is therefore modest and feasible,
but scenarios with a more extreme growth in wood pellet demand would
provide relevant insights into the relationship between wood pellet
demand and carbon stocks, which may well level off and become
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negative as wood pellet demand increases drastically. We found a pos-
itive effect of higher wood pellet demand on carbon storage in biomass
in the landscape but a more extreme increase in wood pellet demand
may result in more natural forest transitioning into plantation forests, or
a decline in forest productivity due to overexploitation. This could result
in carbon losses in the landscape in the Southern US. Future research
may aim to include a temporal flux into calculations, for example by
using spatially and forest type explicit growth curves or FIA data on
average annual growth per state, as well as spatially explicit assump-
tions or projections of forest age.

4.4. Policy relevance

Ex-ante multi-model assessments, such as the analysis presented in
this study, contain significant uncertainty, although sensitivity analysis
and validation of input and output parameters (Figures A3c, A3h, A3i,
A3j and A3k) show that our results are relatively robust. Therefore, the
results should be interpreted not as a projection of future carbon stocks
but rather as a way to highlight the underlying mechanisms that result in
carbon stock changes. Nonetheless, some policy-relevant messages
appear from our results.

Policies that prevent the transitions of natural forests to plan-
tations, and stimulate improved forest management will reduce
carbon impacts of wood pellet production on carbon stocks. The
approach applied in this study follows a Driver-Pressure-State-Impact
framework, and allows for the proposal of potential responses (the ‘R’
in the DPSIR framework). This study provides important information for
land-use planning and shows that a modest increase in demand for wood
pellets may result in carbon stock gains in the Southern US. These gains
may be optimized if the projected expansion of pine plantations are
directed to non-forested land, and the conversion of natural forests,
particularly of carbon-rich lowland and upland hardwood forests, to
pine plantations was discouraged. Keeping in mind that forest area
trends are influenced by market developments and forest land is largely
privately owned, a mechanism that would provide payment for carbon
storage in biomass and soils may further motivate land-owners to keep
their land in forest. The impact of increased wood pellet demand on
carbon stocks could be reduced by increasing the productivity of forests.
Southern pine plantations are among the most intensively managed
forests and are highly productive (Fox et al., 2007; J. G.G. Jonker et al.,
2018) but in some areas productivity may still be increased substan-
tially. FIA data shows that carbon stocks in pine plantations were rela-
tively high in the states of Virginia, North and South Carolina (USDA
Forest Service, 2010). This could be due to favourable climatic and soil
conditions, but also due to improved forest management that could be
transferred to other regions in order to optimise carbon stocks. Forest
management options such as increased thinning can improve harvest-
able wood yield while at the same time reducing GHG emissions (J. G.G.
Jonker et al., 2018). Further increases in productivity could reduce the
trend of increased forest planting (Abt et al., 2012), and may dampen the
land-use change trends and subsequent carbon stock changes projected
in this study.

The projected land-use changes will have environmental and
social impacts besides the projected impacts on carbon stocks in
the landscape. The projected land-use changes could result in a loss of
forest quality — with lower biodiversity and delivery of (other)
ecosystem services. The conversion of natural forests to forest planta-
tions in the Southern US has shown to result in habitat loss for a range of
specialized forest species, including species of conservation concern
(Duden et al., 2018; Evans et al., 2013) and has been identified as a
major risk of EU wood pellet policy (Olesen et al., 2016). An analysis of
the same market and land-use dynamics shows that positive biodiversity
impacts can coincide with increased carbon stocks, when afforestation
occurs (Duden et al., 2018). On the other hand, the use of wood pellets,
apart from reducing GHG emissions, may have other benefits, such as
diversification of (energy) markets, a reduction of the dependency on
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fossil fuels and local socio-economic development through income and
job generation (Creutzig et al., 2015; Dale et al., 2010).

4.5. Conclusion

Governments are faced with practical policy decisions about funding
and promotion of the production and use of renewable energy. Lack of
scientific knowledge or consensus on the potential climate benefits of
forest bioenergy can be a significant barrier to evidence-based policy
making on bioenergy issues. The approach used in this study combines
economic modelling of demand scenarios, spatially explicit land-use
change modelling, and spatially explicit quantification of environ-
mental impacts in a new methodological framework. Spatially explicit
modelling of potential environmental impacts, that includes indirect
effects, is required to guide sustainable growth of the wood pellet sector.
Assessing the (interaction) effects of different sectors is important in the
Southern US, where wood markets are strongly linked and wood pellet
feedstock only makes up a small proportion of the overall wood harvests.
This type of approach can be applied, as shown in this study, to assess
and compare the environmental impacts of alternative policy pathways
related to renewable energy use.

Public perception holds that wood pellet production results in the
destruction of forests. This study shows that at a regional scale in the
Southern US, the opposite may occur; with moderate increases in wood
pellet demand, the wood markets in the Southern US may be stimulated,
motivating land-owners to shift their land use to forest or forest plan-
tations or keep their land as forest (Wear and Greis, 2013), resulting in a
reduction of the amount of natural forest lost and larger carbon stock in
the landscape in the Southern US. Furthermore, the use of wood pellets,
apart from reducing GHG emissions, may have other socio-economic
benefits. However, the projected land-use changes could result in a
loss of environmental quality in forests. Future research may address
some of the limitations of this study by assessing more extreme sce-
narios, to understand whether the positive impact of wood pellet de-
mand on carbon stocks in the landscape in the Southern US found in this
study still holds, or could turn into a negative impact when growth in the
demand for wood pellets is very strong. Some of this growth could also
be absorbed through improved forest management and subsequent in-
creases in carbon stocks per hectare. Temporal fluxes in carbon calcu-
lations could also be included into the spatially explicit assessment of the
direct and indirect carbon impacts of increased wood pellet demand.
Industry stakeholders may aid policy makers by providing voluntary
certification systems that provides evidence of sustainable production of
wood pellets. Furthermore, the spatial variability in carbon stock im-
pacts highlights the relevance of track-and-trace systems, that provide
information on the origin of wood pellets, and potentially the land-use
history of wood pellet producing locations. Policy makers should keep
these potential trade-offs in mind when defining regulations to safe-
guard sustainable expansion of the wood pellet sector in the Southern
Us.

Credit_statement

A.S Duden: Formal analysis, writing, P.A. Verweij: Supervision, A.
P.C. Faaij: Funding acquisition, supervision, R.C. Abt: Software,
methodology, validation,M. Junginger: Supervision, F. van der Hilst:
Supervision.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

12

Journal of Environmental Management 342 (2023) 118148
Data availability
Data will be made available on request.
Acknowledgements

The authors would like to thank drs. Maarten Zeylmans Van
Emmichoven (Utrecht University) for his contribution. This work was
carried out within the BE-Basic R&D Program, which was granted a FES
subsidy from the Dutch Ministry of Economic Affairs, Agriculture and
Innovation (EL & I).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvman.2023.118148.

References

Abt, R.C., Abt, K.L., 2013. Potential impact of bioenergy demand on the sustainability of
the southern forest resource. J. Sustain. For. 32, 175-194. https://doi.org/10.1080/
10549811.2011.652044.

Abt, R.C., Cubbage, F.W., Pacheco, G., 2000. Southern Forest Source Assessment using
the subregional timber supply (SRTS) model. For. Prod. J. 50, 25-33.

Abt, R.C., Cubbage, F., Abt, K.L., 2009. Projecting southern timber supply for multiple
products by subregion. For. Prod. J. 59, 7-16.

Abt, K.L., Abt, R.C., Galik, C., 2012. Effect of bioenergy demands and supply response on
markets, carbon, and land use. For. Sci. 58, 523-539. https://doi.org/10.5849/
forsci.11-055.

Abt, B., Abt, K.L., Henderson, J.D., Kanieski Da Silva, B., 2021. Southern forest markets.
Pellets and Forest Carbon [WWW Document]. URL. https://research.cnr.ncsu.edu/s
ites/sofac/presentations/.

Aguilar, F.X., Cai, Z., D’Amato, A.W., 2014. Non-industrial private forest owner’s
willingness-to-harvest: how higher timber prices influence woody biomass supply.
Biomass Bioenergy 71, 202-215. https://doi.org/10.1016/j.biombioe.2014.10.006.

Aguilar, F.X., Mirzaee, A., McGarvey, R.G., Shifley, S.R., Burtraw, D., 2020. Expansion of
US wood pellet industry points to positive trends but the need for continued
monitoring. Sci. Rep. 10, 1-17. https://doi.org/10.1038/541598-020-75403-z.

Aguilar, F.X., Sudekum, H., McGarvey, R., Knapp, B., Domke, G., Brandeis, C., 2022.
Impacts of the US southeast wood pellet industry on local forest carbon stocks. Sci.
Rep. 12, 1-16. https://doi.org/10.1038/541598-022-23870-x.

Ahn, S.E., Plantinga, A.J., Alig, R.J., 2002. Determinants and projections of land use in
the South Central United States. South. J. Appl. Finance 26, 78-84. https://doi.org/
10.1093/sjaf/26.2.78.

Bigelow, D.P., Lewis, D.J., Mihiar, C., 2022. A major shift in U.S. land development
avoids significant losses in forest and agricultural land. Environ. Res. Lett. 17
https://doi.org/10.1088/1748-9326/ac4537.

Biomass, Drax, 2018. Cutting costs and carbon by utilizing mill residuals [WWW
Document]. URL. https://www.draxbiomass.com/cutting-costs-carbon-utilizing
-mill-residuals/.

Blackard, J.A., Finco, M.V., Helmer, E.H., Holden, G.R., Hoppus, M.L., Jacobs, D.M.,
Lister, A.J., Moisen, G.G., Nelson, M.D., Riemann, R., Ruefenacht, B., Salajanu, D.,
Weyermann, D.L., Winterberger, K.C., Brandeis, T.J., Czaplewski, R.L.,

McRoberts, R.E., Patterson, P.L., Tymcio, R.P., 2008. Mapping U.S. forest biomass
using nationwide forest inventory data and moderate resolution information.
Remote Sens. Environ. 112, 1658-1677. https://doi.org/10.1016/j.rse.2007.08.021.

Boie, L., Breitschopf, B., Held, A., Ragwitz, M., Steinhilber, S., Resch, G., Welisch, M.,
Zehetner, C., Ortner, A., Busch, S., Liebmann, L., Totschnig, G., Noothout, P.,
Jager, D. de, Tesniere, L., Rooijen, S. van, Karypidis, N., Briickmann, R., Jirous, F.,
Psarras, J., Doukas, H., Angelopoulos, D., Genoese, F., Behrens, A., Dimitrova, A.,
Alessi, M., Drabik, E., Konstantinaviciute, L., Bobinaite, V., Miskinis, V., Tarvydas, D.,
Grau, T., Neuhoff, K., May, N., Hoefnagels, R., Junginger, M., Stiitz, R.,
Steinbacker, S., 2016. Policy Dialogue on the Assessment and Convergence of RES
Policy in EU Member States. Fraunhofer ISI.

Booth, M.S., 2018. Not carbon neutral: assessing the net emissions impact of residues
burned for bioenergy. Environ. Res. Lett. 13, 1-10. https://doi.org/10.1088/1748-
9326/aaac88.

Buchholz, T., Hurteau, M.D., Gunn, J., Saah, D., 2016. A global meta-analysis of forest
bioenergy greenhouse gas emission accounting studies. GCB Bioenergy 8, 281-289.
https://doi.org/10.1111/gcbb.12245.

Butler, S.M., Butler, B.J., Markowski-Lindsay, M., 2017. Family forest owner
characteristics shaped by life cycle, cohort, and period effects. Small-scale For 16,
1-18. https://doi.org/10.1007/s11842-016-9333-2.

Caspersen, J.P., Pacala, S.W., Jenkins, J.C., Hurtt, G.C., Moorcroft, P.R., Birdsey, R.A.,
2000. Contributions of land-use history to carbon accumulation in U.S. Forests.
Science 290, 1148-1151. https://doi.org/10.1126/science.290.5494.1148.

Chen, H., Tian, H., Liu, M., Melillo, J., Pan, S., Zhang, C., 2006. Effect of land-cover
change on terrestrial carbon dynamics in the southern United States. J. Environ.
Qual. 35, 1533. https://doi.org/10.2134/jeq2005.0198.


https://doi.org/10.1016/j.jenvman.2023.118148
https://doi.org/10.1016/j.jenvman.2023.118148
https://doi.org/10.1080/10549811.2011.652044
https://doi.org/10.1080/10549811.2011.652044
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref2
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref2
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref3
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref3
https://doi.org/10.5849/forsci.11-055
https://doi.org/10.5849/forsci.11-055
https://research.cnr.ncsu.edu/sites/sofac/presentations/
https://research.cnr.ncsu.edu/sites/sofac/presentations/
https://doi.org/10.1016/j.biombioe.2014.10.006
https://doi.org/10.1038/s41598-020-75403-z
https://doi.org/10.1038/s41598-022-23870-x
https://doi.org/10.1093/sjaf/26.2.78
https://doi.org/10.1093/sjaf/26.2.78
https://doi.org/10.1088/1748-9326/ac4537
https://www.draxbiomass.com/cutting-costs-carbon-utilizing-mill-residuals/
https://www.draxbiomass.com/cutting-costs-carbon-utilizing-mill-residuals/
https://doi.org/10.1016/j.rse.2007.08.021
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref13
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref13
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref13
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref13
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref13
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref13
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref13
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref13
https://doi.org/10.1088/1748-9326/aaac88
https://doi.org/10.1088/1748-9326/aaac88
https://doi.org/10.1111/gcbb.12245
https://doi.org/10.1007/s11842-016-9333-2
https://doi.org/10.1126/science.290.5494.1148
https://doi.org/10.2134/jeq2005.0198

A.S. Duden et al.

Cocchi, M., Nikolaisen, L., Junginger, M., Goh, C.S., Hess, R., Jacobson, J., Ovard, L.P.,
Thran, D., Hennig, C., Deutmeyer, M., Schouwenberg, P.P., 2011. Global wood pellet
industry market and trade study. IEA bioenergy task 40, 190 (IEA Bioenergy).

Colnes, A., Emick, H., Evans, A., Guild, F., Robards, T., Rambo, F., High, C., 2012.
Biomass Supply and Carbon Accounting for Southeastern Forests. Biomass Energy
Resource Center, Forest Guild, Spatial Informatics Group.

Costanza, J.K., Abt, R.C., Mckerrow, A.J., Collazo, J.A., 2015. Linking state-and-
transition simulation and timber supply models for forest biomass production
scenarios. AIMS Environ. Sci. 2, 180-202. https://doi.org/10.3934/
environsci.2015.2.180.

Coulston, J.W., Wear, D.N., Vose, J.M., 2015. Complex forest dynamics indicate potential
for slowing carbon accumulation in the southeastern United States. Sci. Rep. 5, 1-6.
https://doi.org/10.1038/srep08002.

Cowie, A.L., Berndes, G., Bentsen, N.S., Brandao, M., Cherubini, F., Egnell, G., George, B.,
Gustavsson, L., Hanewinkel, M., Harris, Z.M., Johnsson, F., Junginger, M., Kline, K.
L., Koponen, K., Koppejan, J., Kraxner, F., Lamers, P., Majer, S., Marland, E.,
Nabuurs, G., Pelkmans, L., Sathre, R., Schaub, M., Smith, C.T., Soimakallio, S., Van
Der Hilst, F., Woods, J., Ximenes, F.A., 2021. Applying a science-based systems
perspective to dispel misconceptions about climate effects of forest bioenergy. GCB
Bioenergy 1-22. https://doi.org/10.1111/gcbb.12844.

Creutzig, F., Ravindranath, N.H., Berndes, G., Bolwig, S., Bright, R., Cherubini, F.,
Chum, H., Corbera, E., Delucchi, M., Faaij, A., Fargione, J., Haberl, H., Heath, G.,
Lucon, O., Plevin, R., Popp, A., Robledo-Abad, C., Rose, S., Smith, P., Stromman, A.,
Suh, S., Masera, O., 2015. Bioenergy and climate change mitigation: an assessment.
GCB Bioenergy 7, 916-944. https://doi.org/10.1111/gcbb.12205.

Dale, V.H., Kline, K.L., Wiens, J., Fargione, J., 2010. Biofuels : Implications for Land Use
and Biodiversity. Ecological Society of America, Washington, DC.

Dale, V.H., Kline, K.L., Parish, E.S., Cowie, A.L., Emory, R., Malmsheimer, R.W.,

Slade, R., Smith, C.T.T., Wigley, T.B.B.E.N., Bentsen, N.S., Berndes, G., Bernier, P.,
Brandao, M., Chum, H.L., Diaz-Chavez, R., Egnell, G., Gustavsson, L., Schweinle, J.,
Stupak, I., Trianosky, P., Walter, A., Whittaker, C., Brown, M., Chescheir, G.,
Dimitriou, I., Donnison, C., Goss Eng, A., Hoyt, K.P., Jenkins, J.C., Johnson, K.,
Levesque, C.A., Lockhart, V., Negri, M.C., Nettles, J.E., Wellisch, M., 2017. Status
and prospects for renewable energy using wood pellets from the southeastern United
States. GCB Bioenergy 9, 1296-1305. https://doi.org/10.1111/gcbb.12445.

Dogwood, Alliance, 2021. Wood Pellet Biomass [WWW Document]. URL. https://www.
dogwoodalliance.org/our-work/wood-pellet-biomass/?_cf chl managed_tk_=pmd_
BrZJGw6_75sDEZFdj8bWdHDIifjwRPpb78ijvcgXYB6s-1631631058-0-gqNtZGzNAt
CjenBszQhR.

Domke, G.M., Perry, C.H., Walters, B.F., Nave, L.E., Woodall, C.W., Swanston, C.W.,
2017. Toward inventory-based estimates of soil organic carbon in forests of the
United States. Ecol. Appl. 27, 1223-1235. https://doi.org/10.1002/eap.1516.

Duden, A.S., Verweij, P.A., Junginger, H.M., Abt, R.C., Henderson, J.D., Dale, V.H.,
Kline, K.L., Karssenberg, D., Verstegen, J.A., Faaij, A.P.C., van der Hilst, F., 2017.
Modeling the impacts of wood pellet demand on forest dynamics in southeastern
United States. Biofuels, Bioprod. Biorefining 11, 1-23. https://doi.org/10.1002/
bbb.1803.

Duden, A.S., Rubino, M.J., Tarr, N.M., Verweij, P.A., Faaij, A.P.C., van der Hilst, F., 2018.
Impact of increased wood pellet demand on biodiversity in the south-eastern United
States. GCB Bioenergy 10, 841-860. https://doi.org/10.1111/gcbb.12554.

Dwivedi, P., Khanna, M., Sharma, A., Susaeta, A., 2016. Efficacy of carbon and bioenergy
markets in mitigating carbon emissions on reforested lands: a case study from
Southern United States. For. Policy Econ. 67, 1-9. https://doi.org/10.1016/j.
forpol.2016.03.002.

Dwivedi, P., Khanna, M., Fuller, M., 2019. Is wood pellet-based electricity less carbon-
intensive than coal-based electricity? It depends on perspectives, baselines,
feedstocks, and forest management practices. Environ. Res. Lett. 14, 24006 https://
doi.org/10.1088/1748-9326/aaf937.

European Commission, 2021. Legal sources on renewable energy - Compare support
schemes [WWW Document]. URL. http://www.res-legal.eu/compare-support-sch
emes/.

Evans, J.M., Fletcher, R.J., Alavalapati, J., Calabria, J., Geller, D., Smith, A.L., Lal, P.,
Upadhyay, T., Acevedo, M., Vasudev, D., 2013. Forestry Bioenergy in the Southeast
United States: Implications for Wildlife Habitat and Biodiversity. National Wildlife
Federation, Merrifield, VA, United States.

Fargione, J., Hill, J., Tilman, D., Polasky, S., Hawthorne, P., 2008. Land clearing and the
biofuel carbon debt. Science 319 (84), 1235-1238. https://doi.org/10.1126/
science.1152747.

Fox, T.R., Jokela, E.J., Allen, H.L., 2007. The development of pine plantation silviculture
in the southern United States. J. Fr. 105, 337-347.

Galik, C.S., Abt, R.C., 2016. Sustainability guidelines and forest market response: an
assessment of European Union pellet demand in the southeastern United States. GCB
Bioenergy 8, 658-669. https://doi.org/10.1111/gcbb.12273.

Galik, C.S., Abt, R.C., Wu, Y., 2009. Forest biomass supply in the southeastern United
States —Implications for industrial roundwood and bioenergy production. J. Fr. 107,
69-77.

Galik, C.S., Abt, R.C,, Latta, G., Vegh, T., 2015. The environmental and economic effects
of regional bioenergy policy in the southeastern. U.S. Energy Policy 85, 335-346.
https://doi.org/10.1016/j.enpol.2015.05.018.

Gauthier, G., Avagianos, 1., Calderon, C., Vaskyte, B., 2020. Bioenergy Europe Statistical
Report 2020. Brussels.

Goh, C.S., 2013. Wood pellet market and trade: a global perspective. Biofuels, Bioprod.
Biorefining. https://doi.org/10.1002/bbb.

Greenpeace, 2021. Wood Pellet Damage: renewable subsidies wrecking forests. WWW
Document]. URL. https://www.greenpeace.org/eu-unit/issues/nature-food/45761/
wood-pellet-damage-renewable-subsidies-wrecking-forests/.

13

Journal of Environmental Management 342 (2023) 118148

Greenwood, Resources, 2018. Evidence of Timber Market Recovery in the US South.
Portland.

Hanssen, S.V., Duden, A.S., Junginger, M., Dale, V.H., van der Hilst, F., 2017. Wood
pellets, what else? Greenhouse gas parity times of European electricity from wood
pellets produced in the south-eastern United States using different softwood
feedstocks. GCB Bioenergy 9, 1406-1422. https://doi.org/10.1111/gcbb.12426.

Hardie, I.W., Parks, P.J., 1997. Land use with heterogeneous land quality: an application
of an area base model. Am. J. Agric. Econ. 79, 299-310. https://doi.org/10.2307/
1244131.

Heath, L.S., Birdsey, R.A., Williams, D.W., 2002. Methodology for estimating soil carbon
for the forest carbon budget model of the United States, 2001. Environ. Pollut. 116,
373-380. https://doi.org/10.1016/50269-7491(01)00213-5.

Hodges, D.G., Chapagain, B., Watcharaanantapong, P., Poudyal, N.C., Kline, K.L.,

Dale, V.H., 2019. Opportunities and attitudes of private forest landowners in
supplying woody biomass for renewable energy. Renew. Sustain. Energy Rev. 113,
1-10. https://doi.org/10.1016/j.rser.2019.06.012.

Huntington, T.G., 1995. Carbon sequastration in an aggrading forest ecosystem in the
southeastern USA. Soil Sci. Soc. Am. J. 59, 1459-1467.

Ince, P.J., Nepal, P., 2012. Effects on U.S. Timber Outlook of Recent Economic Recession,
Collapse in Housing Construction, and Wood Energy Trends. General Technical
Report FPK-GTR-219. USDA Forest Service, Forest Products Laboratory, Madison,
WI, United States.

Ince, P.J., Kramp, A.D., Skog, K.E., Yoo, D. il, Sample, V.A., 2011. Modeling future U.S.
forest sector market and trade impacts of expansion in wood energy consumption.
J. For. Econ. 17, 142-156. https://doi.org/10.1016/j.jfe.2011.02.007.

IPCC, 2006. 2006 IPCC Guidelines for National Greenhouse Gas Inventories.

Jonker, Jan Gerrit Geurt, van der Hilst, F., Markewitz, D., Faaij, A.P.C., Junginger, H.M.,
2018. Carbon balance and economic performance of pine plantations for bioenergy
production in the Southeastern United States. Biomass Bioenergy 117, 44-55.
https://doi.org/10.1016/j.biombioe.2018.06.017.

Jonker, J.G.G., van der Hilst, F., Markewitz, D., Faaij, A.P.C., Junginger, H.M., 2018.
Carbon balance and economic performance of pine plantations for bioenergy
production in the Southeastern United States. Biomass Bioenergy 117, 44-55.
https://doi.org/10.1016/j.biombioe.2018.06.017.

Joshi, S., Arano, K.G., 2009. Determinants of private forest management decisions: a
study on West Virginia NIPF landowners. For. Policy Econ 11, 132-139. https://doi.
org/10.1016/j.forpol.2008.10.005.

Junginger, H.M., Mai-Moulin, T., Daioglou, V., Fritsche, U., Guisson, R., Hennig, C.,
Thran, D., Heinimo, J., Hess, J.R., Lamers, P., Li, C., Kwant, K., Olsson, O.,
Proskurina, S., Ranta, T., Schipfer, F., Wild, M., 2019. The future of biomass and
bioenergy deployment and trade: a synthesis of 15 years IEA Bioenergy Task 40 on
sustainable bioenergy trade. Biofuels, Bioprod. Biorefining 13, 247-266. https://doi.
org/10.1002/bbb.1993.

Kanieski Da Silva, B., Cubbage, F.W., Abt, R.C., 2019. Structural changes on pulpwood
market in the US south: wood pellets investments and price dynamics. For. Sci. 65,
675-687. https://doi.org/10.1093/forsci/fxz043.

Kim, S.J., Baker, J.S., Sohngen, B.L., Shell, M., 2018. Cumulative global forest carbon
implications of regional bioenergy expansion policies. Resour. Energy Econ. 53,
198-219. https://doi.org/10.1016/j.reseneeco.2018.04.003.

Latta, G.S., Baker, J.S., Beach, R.H., Rose, S.K., McCarl, B.A., 2013. A multi-sector
intertemporal optimization approach to assess the GHG implications of U.S. forest
and agricultural biomass electricity expansion. J. For. Econ. 19, 361-383. https://
doi.org/10.1016/j.jfe.2013.05.003.

Liu, S., Loveland, T.R., Kurtz, R.M., 2004. Contemporary carbon dynamics in terrestrial
ecosystems in the Southeastern Plains of the United States. Environ. Manage. 33,
442-456. https://doi.org/10.1007/500267-003-9152-z.

Lubowski, R.N., Plantinga, A.J., Stavins, R.N., 2006a. Land-use change and carbon sinks:
econometric estimation of the carbon sequestration supply function. J. Environ.
Econ. Manag. 51, 135-152. https://doi.org/10.1016/j.jeem.2005.08.001.

Lubowski, R.N., Vesterby, M., Bucholtz, S., Baez, A., Roberts, M.J., 2006b. Major uses of
land in the United States, 2002. Econ. Inf. Bull. 77, 47. https://doi.org/10.1097/
00010694-195403000-00015.

McKechnie, J., Colombo, S., Chen, J., Mabee, W., Machlean, H.L., 2011. Forest bioenergy
or forest carbon? Assessing trade - offs in greenhouse gas mitigation with wood -
based fuels. Environ. Sci. Technol. 45, 789-795. https://doi.org/10.1021/
es1024004.

McKechnie, J., Colombo, S., MacLean, H.L., 2014. Forest carbon accounting methods and
the consequences of forest bioenergy for national greenhouse gas emissions
inventories. Environ. Sci. Pol. 44, 164-173. https://doi.org/10.1016/j.
envsci.2014.07.006.

Miner, R.A., Abt, R.C., Bowyer, J.L., Buford, M.A., Malmsheimer, R.W., Laughlin, J.O.,
Oneil, E.E., Sedjo, R.A., Skog, K.E., 2014. Forest carbon accounting considerations in
US bioenergy policy. J. Fr. 112, 591-606. https://doi.org/10.5849/jof.14-009.

Nagubadi, R., Zhang, D., 2005. Nagubadi Zhang 2005.Pdf.

Natural Resources Defence Council, 2020. Our Forests Aren’t Fuel [WWW Document].
URL. https://www.nrdc.org/resources/our-forests-arent-fuel.

Nepal, P., Wear, D.N., Skog, K.E., 2015. Net Change in Carbon Emissions with Increased
Wood Energy Use in the United States 7, 820-835. https://doi.org/10.1111/
gcbb.12193.

North, B.W., Pienaar, E.F., 2021. Continued obstacles to wood-based biomass production
in the southeastern United States. GCB Bioenergy 13, 1043-1053. https://doi.org/
10.1111/gcbb.12834.

NRDC, 2015. In the U.S. Southeast, Natural Forests Are Being Felled to Send Fuel
Overseas. Natural Resources Defense Council, New York, United States.


http://refhub.elsevier.com/S0301-4797(23)00936-2/sref19
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref19
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref19
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref20
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref20
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref20
https://doi.org/10.3934/environsci.2015.2.180
https://doi.org/10.3934/environsci.2015.2.180
https://doi.org/10.1038/srep08002
https://doi.org/10.1111/gcbb.12844
https://doi.org/10.1111/gcbb.12205
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref25
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref25
https://doi.org/10.1111/gcbb.12445
https://www.dogwoodalliance.org/our-work/wood-pellet-biomass/?__cf_chl_managed_tk__=pmd_BrZJGw6_75sDEZFdj8bWdHDifjwRPpb78ijvcgXYB6s-1631631058-0-gqNtZGzNAtCjcnBszQhR
https://www.dogwoodalliance.org/our-work/wood-pellet-biomass/?__cf_chl_managed_tk__=pmd_BrZJGw6_75sDEZFdj8bWdHDifjwRPpb78ijvcgXYB6s-1631631058-0-gqNtZGzNAtCjcnBszQhR
https://www.dogwoodalliance.org/our-work/wood-pellet-biomass/?__cf_chl_managed_tk__=pmd_BrZJGw6_75sDEZFdj8bWdHDifjwRPpb78ijvcgXYB6s-1631631058-0-gqNtZGzNAtCjcnBszQhR
https://www.dogwoodalliance.org/our-work/wood-pellet-biomass/?__cf_chl_managed_tk__=pmd_BrZJGw6_75sDEZFdj8bWdHDifjwRPpb78ijvcgXYB6s-1631631058-0-gqNtZGzNAtCjcnBszQhR
https://doi.org/10.1002/eap.1516
https://doi.org/10.1002/bbb.1803
https://doi.org/10.1002/bbb.1803
https://doi.org/10.1111/gcbb.12554
https://doi.org/10.1016/j.forpol.2016.03.002
https://doi.org/10.1016/j.forpol.2016.03.002
https://doi.org/10.1088/1748-9326/aaf937
https://doi.org/10.1088/1748-9326/aaf937
http://www.res-legal.eu/compare-support-schemes/
http://www.res-legal.eu/compare-support-schemes/
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref34
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref34
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref34
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref34
https://doi.org/10.1126/science.1152747
https://doi.org/10.1126/science.1152747
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref36
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref36
https://doi.org/10.1111/gcbb.12273
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref38
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref38
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref38
https://doi.org/10.1016/j.enpol.2015.05.018
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref40
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref40
https://doi.org/10.1002/bbb
https://www.greenpeace.org/eu-unit/issues/nature-food/45761/wood-pellet-damage-renewable-subsidies-wrecking-forests/
https://www.greenpeace.org/eu-unit/issues/nature-food/45761/wood-pellet-damage-renewable-subsidies-wrecking-forests/
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref43
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref43
https://doi.org/10.1111/gcbb.12426
https://doi.org/10.2307/1244131
https://doi.org/10.2307/1244131
https://doi.org/10.1016/S0269-7491(01)00213-5
https://doi.org/10.1016/j.rser.2019.06.012
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref48
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref48
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref49
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref49
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref49
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref49
https://doi.org/10.1016/j.jfe.2011.02.007
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref51
https://doi.org/10.1016/j.biombioe.2018.06.017
https://doi.org/10.1016/j.biombioe.2018.06.017
https://doi.org/10.1016/j.forpol.2008.10.005
https://doi.org/10.1016/j.forpol.2008.10.005
https://doi.org/10.1002/bbb.1993
https://doi.org/10.1002/bbb.1993
https://doi.org/10.1093/forsci/fxz043
https://doi.org/10.1016/j.reseneeco.2018.04.003
https://doi.org/10.1016/j.jfe.2013.05.003
https://doi.org/10.1016/j.jfe.2013.05.003
https://doi.org/10.1007/s00267-003-9152-z
https://doi.org/10.1016/j.jeem.2005.08.001
https://doi.org/10.1097/00010694-195403000-00015
https://doi.org/10.1097/00010694-195403000-00015
https://doi.org/10.1021/es1024004
https://doi.org/10.1021/es1024004
https://doi.org/10.1016/j.envsci.2014.07.006
https://doi.org/10.1016/j.envsci.2014.07.006
https://doi.org/10.5849/jof.14-009
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref65
https://www.nrdc.org/resources/our-forests-arent-fuel
https://doi.org/10.1111/gcbb.12193
https://doi.org/10.1111/gcbb.12193
https://doi.org/10.1111/gcbb.12834
https://doi.org/10.1111/gcbb.12834
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref68
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref68

A.S. Duden et al.

Olesen, A.S., Kittler, B., Price, W., Aguilar, F.X., 2016. Environmental Implications of
Increased Reliance of the EU on Biomass from the South East US. European
Commission, Brussels, Belgium. https://doi.org/10.2779/30897.

Pelkmans, L., Goh, C.S., Junginger, H.M., Parhar, R., Bianco, E., Pellini, A., Benedetti, L.,
2014. Impact of promotion mechanisms for advanced and low-iLUC biofuels on
biomass markets: summary Report. IEA Bioenergy Task 40.

Prestemon, J.P., Abt, R.C., 2002. The southern timber market to 2040. J. Fr. 100, 16-23.

Sedjo, R., Tian, X., 2012. Does wood bioenergy increase carbon stocks in forests? J. Fr.
110, 304-311. https://doi.org/10.5849/jof.11-073.

Smeets, E., Weterings, R., 1999. Environmental Indicators : Typology and Overview.

Spelter, H., Toth, D., 2009. North America * S Wood Pellet Sector, Research Paper
FPL-RP-656. United States Department of Agriculture Forest Service Forest Products
Laboratory, Madison, United States.

Tarr, N.M., Rubino, M.J., Costanza, J.K., 2016. Projected gains and losses of wildlife
habitat from bioenergy-induced landscape change. GCB Bioenergy 9, 1-15. https://
doi.org/10.1111/gcbb.12383.

Ter-Mikaelian, M.T., Colombo, S.J., Chen, J., 2015. The burning question: does forest
bioenergy reduce carbon emissions? A review of common misconceptions about
forest carbon accounting. J. Fr. 113, 57-68. https://doi.org/10.5849/jof.14-016.

The New York Times, 2021. There’s a Booming Business in America’s Forests. Some
Aren’t Happy About It.

The Rachel Carson Council, 2019. Wood Pellet Production, the Destruction of Forests.
and the Case for Environmental Justice, Bethesda, United States.

UNECE/FAOQ, 2020. Annual Market Review 2019-2020 - Forest Products. United Nations
Publication. United Nations Economic Commission for Europe, Geneva, Switzerland,
and the Food and Agriculture Organization of the United Nations, Rome, Italy.

US International Trade Commission, 2021. Interactive Tariff and Trade DataWeb,
Washington, DC [WWW Document]. URL. https://dataweb.usitc.gov/. (Accessed 6
March 2021). accessed.

Upreti, B.R., 2004. Conflict over biomass energy development in the United Kingdom:
Some observations and lessons from England and Wales. Energy Pol. 32, 785-800.
https://doi.org/10.1016/50301-4215(02)00342-7.

USDA, 2021. PINEMAP ([WWW Document]. URL ww.pinemap.org).

USDA Forest Service, 2010. Forest inventory and analysis national core field guide
volume I. Field Data Collection Procedures for Phase 2 Plots I, 208.

USDA Forest Service, 2020. Forest Inventory and Analysis Program (FIA) EVALIDator
webapplication [WWW Document]. http://apps.fs.fed.us/Evalidator/evalidator.jsp.

USDA National Agricultural Statistics Service, 2019. Quick stats [WWW Document].
Online database. URL. https://quickstats.nass.usda.gov/.

14

1 M

Journal of Enviro 342 (2023) 118148

Van der Hilst, F., Verstegen, J.A., Karssenberg, D., Faaij, A.P.C., 2012. Spatiotemporal
land use modelling to assess land availability for energy crops - illustrated for
Mozambique. GCB Bioenergy 4, 859-874. https://doi.org/10.1111/§.1757-
1707.2011.01147.x.

Verstegen, J.A., Karssenberg, D., van der Hilst, F., Faaij, A., 2012. Spatio-temporal
uncertainty in Spatial Decision Support Systems: a case study of changing land
availability for bioenergy crops in Mozambique. Comput. Environ. Urban Syst. 36,
30-42. https://doi.org/10.1016/j.compenvurbsys.2011.08.003.

Verstegen, J.A., van der Hilst, F., Woltjer, G., Karssenberg, D., de Jong, S.M., Faaij, A.P.
C., 2016. What can and can’t we say about indirect land-use change in Brazil using
an integrated economic - land-use change model? GCB Bioenergy 8, 561-578.
https://doi.org/10.1111/gcbb.12270.

Visser, L., Hoefnagels, R., Junginger, M., 2020. Wood pellet supply chain costs — a review
and cost optimization analysis. Renew. Sustain. Energy Rev. 118, 1-20. https://doi.
org/10.1016/j.rser.2019.109506.

Visser, L., Latta, G., Pokharel, R., Hoefnagels, R., H, J., 2022. Exploring the limits to
sustainable pellet production for international markets - the impact of increasing
pellet production in the US Southeast on feedstock use and carbon sequestration in
forest areas. GCB Bioenergy.

Walker, T., Initiative, N.C., Economist, F., Colnes, A., Energy, B., Kittler, B., Perschel, B.,
Guild, F., Recchia, C., Group, S.I., 2010. Biomass Sustainability and Carbon Policy
Study. Manomet Center for Conservation Sciences, Plymouth, United States.

Wang, W., Dwivedi, P., Abt, R.C., Khanna, M., 2015. Carbon savings with transatlantic
trade in pellets: accounting for market-driven effects. Environ. Res. Lett. 10, 1-13.
https://doi.org/10.1088/1748-9326/10/11/114019.

Wear, D.N., 2011. Forecasts of county-level land uses under three future scenarios.

A Tech. Doc. Support. For. Serv. 2010 RPA Assess. 41.

Wear, D.N., Greis, J.G., 2013. The Southern Forest Futures Project, Technical Report.
USDA Forest Service, Southern Research Station. Asheville, , NC, United States.

Yassa, S., 2015. Think wood pellets are green? Think again. NRDC issue Br 1-5.

Young, T., Wang, Y., Guess, F., Fly, M., Hodges, D., Poudyal, N., 2015. Understanding the
characteristics of non-industrial private forest landowners who harvest trees. Small-
scale For 14, 273-285. https://doi.org/10.1007/511842-015-9287-9.

Zheng, D., Heath, L.S., Ducey, M.J., 2007. Forest biomass estimated from MODIS and FIA
data in the Lake States: MN, WI and MI, USA. Forestry 80, 265-278. https://doi.org/
10.1093/forestry/cpm015.

Zhu, Z., Bergamaschi, B., Bernknopf, R., Clow, D., 2010. A Method for Assessing Carbon
Stocks, Carbon Sequestration, and Greenhouse-Gas Fluxes in Ecosystems of the
United States under Present Conditions and Future Scenario. U.S. Geological Survey
Scientific Investigations Report, pp. 2010-5233.


https://doi.org/10.2779/30897
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref70
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref70
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref70
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref71
https://doi.org/10.5849/jof.11-073
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref73
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref74
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref74
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref74
https://doi.org/10.1111/gcbb.12383
https://doi.org/10.1111/gcbb.12383
https://doi.org/10.5849/jof.14-016
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref77
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref77
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref78
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref78
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref79
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref79
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref79
https://dataweb.usitc.gov/
https://doi.org/10.1016/S0301-4215(02)00342-7
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref81
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref82
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref82
http://apps.fs.fed.us/Evalidator/evalidator.jsp
https://quickstats.nass.usda.gov/
https://doi.org/10.1111/j.1757-1707.2011.01147.x
https://doi.org/10.1111/j.1757-1707.2011.01147.x
https://doi.org/10.1016/j.compenvurbsys.2011.08.003
https://doi.org/10.1111/gcbb.12270
https://doi.org/10.1016/j.rser.2019.109506
https://doi.org/10.1016/j.rser.2019.109506
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref89
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref89
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref89
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref89
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref90
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref90
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref90
https://doi.org/10.1088/1748-9326/10/11/114019
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref92
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref92
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref93
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref93
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref94
https://doi.org/10.1007/s11842-015-9287-9
https://doi.org/10.1093/forestry/cpm015
https://doi.org/10.1093/forestry/cpm015
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref97
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref97
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref97
http://refhub.elsevier.com/S0301-4797(23)00936-2/sref97

	Spatially-explicit assessment of carbon stocks in the landscape in the southern US under different scenarios of industrial  ...
	1 Introduction
	1.1 Wood pellet demand and supply
	1.2 Carbon impacts of wood pellets
	1.3 Goal and objectives

	2 Methods
	2.1 General approach
	2.2 Scenarios
	2.3 Carbon calculations
	2.3.1 Carbon in aboveground biomass
	2.3.2 Carbon in belowground biomass
	2.3.3 Carbon in dead organic material
	2.3.4 Soil organic carbon
	2.3.5 Total carbon stocks


	3 Results
	3.1 Carbon stock in 2010
	3.2 Changes in carbon stocks between 2010 and 2030 in the low wood pellet demand scenario
	3.3 Changes in carbon stocks due to increased wood pellet demand
	3.4 Comparison of carbon stocks in 2030 under the different scenarios

	4 Discussion
	4.1 Main results and comparison to other studies
	4.2 Model assumptions, limitations and uncertainties
	4.3 Scientific novelty and recommendations for future research
	4.4 Policy relevance
	4.5 Conclusion

	Credit_statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


