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Abstract
Development of the bioenergy sector is being actively pursued in many countries 
as a means to reduce climate change and fulfill international climate agreements 
such as the Paris Agreement. Although biomass for energy production (especially 
wood pellets) can replace carbon- intensive fossil fuels, its net greenhouse gas im-
pact varies, and the production of wood pellets can also lead to intensification in 
forest harvests and reduction of forest carbon stocks. Additionally, under specific 
conditions, emissions associated with imported biomass feedstocks may be omit-
ted from national accounts, due to incompatibilities in accounting approaches. We 
assessed the risks and potential scale of emissions omitted from accounts (EOA) 
among key trading regions, focusing on the demand for wood pellets under differ-
ent levels of climate mitigation targets. Our results suggest that the global produc-
tion of wood pellets would grow from 38.9 to 120 Mton/year between 2019 and 
2050 in a scenario that limits global mean temperature increase to 1.5°C above 
pre- industrial levels. A large portion of this occurs in North America (36.8 Mton/
year  by  2050),  Europe  (47.6  Mton/year  by  2050),  and  Asia  (23.3  Mton/year  by 
2050). We estimate  that  in a 1.5°C scenario, global EOA associated with  inter-
national trade of wood pellets has the potential to reach 23.81 MtCO2eq/year by 
2030 and 69.52 MtCO2eq/year in 2050. Emissions resulting from European bio-
mass energy production, based on wood pellet  imports from the United States, 
may reach 11.68 MtCO2eq/year by 2030 and 33.57 MtCO2eq/year  in 2050. The 
production of wood pellet feedstocks may also present a substantial carbon price 
arbitrage opportunity for bioenergy producers through a conjunction of two dis-
tinct GHG accounting rules. If this opportunity is realized, it could accelerate the 
growth of the bioenergy industry to levels that harm forests’ function as a carbon 
sink and omit actual emissions in national and global accounting frameworks.
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1   |   INTRODUCTION

Projections for long- term climate change mitigation often 
prominently  feature  the  replacement  of  fossil  fuel  en-
ergy  with  bioenergy  as  an  emissions  reduction  strategy 
(Creutzig  et  al.,  2015;  Rogelj  et  al.,  2018),  often  through 
bioenergy  with  carbon  capture  and  storage  (BECCS; 
Clarke et al., 2014; Fuss et al., 2014; IPCC, 2018, 2019; Roe 
et al., 2019; Rogelj et al., 2018). However, policies to pro-
mote  the  growth  of  forest- derived  bioenergy  production 
could pose risks to long- term forest carbon stocks, forest 
health,  biodiversity,  and  sustainable  development  goals 
(Reid et al., 2020; Smith, Soussana, et al., 2019). Growth 
in bioenergy production could be accelerated beyond opti-
mal levels in part because emissions could be omitted from 
accounts (EOA) that track progress toward countries’ cli-
mate mitigation pledges under the Paris Agreement. EOA 
can occur through incompatibilities in the system bound-
aries of accounting approaches used in different countries 
(Grassi et al., 2018; IPCC, 2019; Norton et al., 2019; Rüter 
et al., 2019; Sato & Nojiri, 2019). As such, projecting the 
net  effect  of  bioenergy  production  on  greenhouse  gas 
(GHG)  emissions  is  complicated  and  requires  an  under-
standing of lifecycle emissions associated with bioenergy 
feedstocks,  effects of  feedstock demand, and  the unique 
accounting framework that applies  to bioenergy produc-
tion. Here, we develop projections of the potential growth 
in biomass energy production, resulting GHG emissions, 
and the potential for EOA to accelerate biomass feedstock 
trade and utilization in response to different levels of cli-
mate ambition. To the best of our knowledge, these are the 
first quantitative estimates of the potential for EOA under 
different climate ambition scenarios.

1.1  |  The complexity of the bioenergy 
emissions profile

Bioenergy  is  sometimes  assumed  to  be  carbon  neutral, 
as  the  possibility  of  sustainable  harvest  and  subsequent 
regrowth  of  biomass  feedstocks  could  ultimately  lead 
to a balance of GHG emissions and removals over  time. 
However, its carbon neutrality requires a number of con-
ditions to be met over the relevant timeframe of the analy-
sis (Krug et al., 2014), and quantifications of net emissions 
from  bioenergy  can  vary  according  to  the  temporal  and 
spatial system boundaries of the assessment and reference 
scenario (Agostini et al., 2019; Berndes et al., 2016; Cowie 
et al., 2021; Giuntoli et al., 2020; Ter- Mikaelian et al., 2015). 
Differing approaches to these factors have contributed to 
confusion and debate among policymakers and stakehold-
ers about the appropriate role of forest- based bioenergy in 
climate change mitigation efforts and the characterization 

of this fuel source as carbon neutral (e.g., Berndes et al., 
2016; Brack, 2017; Cornwall, 2017; EASAC, 2018; Haberl 
et al., 2012; Searchinger et al., 2009; Walker et al., 2013). 
We address the key factors in stepwise fashion below.

The  emissions  associated  with  bioenergy  include  the 
following:  those  from  combustion  of  the  feedstocks  and 
from management and harvesting; supply chain activities 
such as transporting, processing, and combustion efficien-
cies; and emissions created or displaced by substitution of 
bioenergy for other energy sources (Lamers & Junginger, 
2013; Röder et al., 2015). Emissions can also be affected 
by  intensification of  forest management and harvests of 
wood— which  can  have  lasting  effects  on  future  seques-
tration potential and GHG fluxes  (Buchholz et al., 2019; 
De  Oliveira  Garcia  et  al.,  2018).  For  example,  intensive 
biomass harvest can deplete soil organic carbon more rap-
idly  than  conventional  harvests  (Achat  et  al.,  2015)  and 
plantation forests with fertilizer application may generate 
significantly higher nitrous oxide emissions compared to 
natural forests (Schulze et al., 2012).

Whether combustion emissions are eventually balanced 
by  sequestration  in  a  relevant  timeframe  is  determined 
by  conditions  that  regulate  the  growth  (and  subsequent 
regrowth) of  the biomass  feedstock (Birdsey et al., 2018; 
Buchholz et al., 2016; Dwivedi et al., 2019; Sterman et al., 
2018; Ter- Mikaelian et al., 2015). At the landscape scale, 
sequestration may increase in response to indirect effects 
triggered by shifts in economic conditions, including ris-
ing timber prices driven by increased demand of biomass 
for  energy,  motivating  an  expansion  of  forest  area  (or 
slowing the conversion of forests to other uses), and thus 
increasing total carbon stocks (Aguilar et al., 2020; Baker 
et al., 2018; Costanza et al., 2017; Daigneault et al., 2012; 
Favero et al., 2020; Miner et al., 2014; Nepal et al., 2015). 
Alternatively, demand could trigger conversion of existing 
forests  to plantations (Favero et al., 2020) or other high- 
carbon areas to biomass feedstock production, as occurred 
for biofuel production (Lark et al., 2015).

Forestry and mill waste, residues, and byproducts are 
already  used  as  low- cost  bioenergy  feedstocks.  Demand 
for  primary  products  controls  the  availability  of  these 
waste materials. Once waste feedstocks are exhausted, the 
additional demand for biomass drives up costs in related 
markets (e.g., timber, paper; Daigneault et al., 2012) and 
ultimately  affects  markets  for  underlying  production  in-
puts (e.g., land; Forsell et al., 2016). Such changes in the 
production and supply chains of biomass feedstock have 
implications for forest carbon stocks in source areas, the 
GHG  emissions  profile  of  the  energy  produced,  and  the 
associated lifecycle assessment of biomass energy, as well 
as other environmental outcomes (Gusti et al., 2020).

On  top  of  the  challenges  in  assessing  and  reporting 
emissions  from  forest- derived  bioenergy,  the  accounting 



324 |   FUNK et al.

rules  for  GHG  fluxes  that  occur  during  this  lifecycle— 
especially  when  feedstocks  are  traded  internationally— 
add yet another layer of complexity.

1.2  |  Accounting rules can obscure 
biomass emissions

The structure of accounting  frameworks  themselves can 
contribute to a lack of transparency in countries’ GHG in-
ventories and accounts, obscuring  the actual quantity of 
global  GHG  emissions  associated  with  bioenergy  (Gunn 
et  al.,  2012;  IPCC,  2019;  Norton  et  al.,  2019).  Since  the 
1990s,  countries  have  followed  IPCC  guidelines  (IPCC, 
1996)  that  recommended  reporting  and  accounting  for 
emissions  from  the  combustion  of  harvested  biomass 
feedstocks in the land use, land- use change, and forestry 
(LULUCF) sector, rather than counting such emissions in 
the  energy  sector.  In  keeping  with  other  literature  (e.g., 
Grassi  et  al.,  2018),  we  use  “reporting”  to  refer  to  GHG 
fluxes documented in national inventories and “account-
ing”  to  refer  to  GHG  fluxes  that  are  counted  toward 
national  targets— including  those  submitted  in  nation-
ally  determined  contributions  (NDCs)  under  the  Paris 
Agreement.  Over  time,  emissions  from  the  combustion 
of  biomass  (including  wood  pellets)  became  subject  to 
distinct reporting and accounting rules that applied to ag-
riculture, forestry, and other land use (AFOLU; EASAC, 
2017;  Norton  et  al.,  2019).  In  particular,  countries  were 
allowed  to  account  for  AFOLU  emissions  and  remov-
als against projections of  increased  future harvests  from 
forests, rather than against the historical estimates, as  is 
the  case  for  all  other  sectors  (Brack,  2017;  Krug,  2018). 
Countries that adopted projected baselines could experi-
ence increases in their real forest emissions (through har-
vest) without those increases being counted against their 
pledges to reduce GHG net emissions (i.e., no increase in 
emissions is seen relative to their AFOLU baseline; Brack, 
2017; Krug, 2018).

At the same time, countries were allowed to elect from 
several  possible  accounting  approaches  in  regard  to  the 
carbon  embodied  in  imported  harvested  wood  products 
(HWPs; see Table 1; Krug et al., 2014; Rüter et al., 2019). 
The “production approach”— the default under the Paris 
Agreement  (Annex  to  UNFCCC  Decision  18/CMA.1, 
paragraph 56)— allows countries to omit the carbon con-
tent  of  imported  HWPs,  under  the  assumption  that  the 
country of origin would have already accounted for them 
(Rüter et al., 2019). However, mismatched accounting ap-
proaches can result  in emissions being omitted  from ac-
counts in any nation and from global or regional estimates 
(Grassi et al., 2017; Rüter et al., 2019). The potential scale 
of these omitted emissions is one focus of our analysis. T
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The use of discretion in reference levels and accounting 
approaches  created  the  possibility  for  countries  to  trade 
and  utilize  biomass  feedstocks  without  the  embodied 
carbon  emissions  being  accounted  against  any  country's 
climate commitment (even if they are included in the na-
tional GHG inventories), as illustrated in Figure 1 (Brack, 
2017; Cowie et al., 2021; Norton et al., 2019; Searchinger 
et al., 2009). Because countries design and implement pol-
icies  to  achieve  their  national  targets  (i.e.,  “accounts”), 
there is a risk that biomass feedstocks could be imported 
without being subjected  to emissions penalties meant  to 
deliver  emission  reductions.  The  ability  to  bypass  these 
penalties could create a comparative advantage for these 
imports,  relative  to  domestically  produced  feedstocks  or 
other sources of energy.

The potential problems that could arise from these sep-
arate factors were identified and addressed in non- binding 
guidance (Greenglass et al., 2010; Krug et al., 2014; Rüter 
et al., 2019), but no universal solution was developed, and 
the flexibilities allowed by the accounting guidance were 
perpetuated under the Paris Agreement. Some bioenergy 
producers— operating in countries where emissions from 
imported  feedstocks were not accounted— have substan-
tially  increased  their  imports  of  wood  pellets  from  the 
United  States.  In  the  process,  they  may  have  avoided 
regulatory  disincentives  on  emissions  that  would  have 

otherwise applied. In the future, all countries have the op-
portunity  to  exploit  the  potential  for  policy  arbitrage  on 
the basis of EOA simply by adjusting their choice of ac-
counting approach (Sato & Nojiri, 2019).

1.3  |  Left unchecked, emissions omitted 
from accounts could metastasize

Emissions  from  bioenergy  have  sometimes  been  char-
acterized  as  categorically  low  or  zero  carbon  by  institu-
tions (IRENA, 2020) and carbon markets  (e.g., Directive 
2008/101/EC  of  the  European  Parliament  and  of  the 
Council,  2008).  Such  treatment  may  exempt  this  energy 
source from penalties on carbon emissions or encourage 
its use as a substitute for fossil fuels. These policy incen-
tives can have a strong cascading effect on future demand 
of woody biomass (Favero et al., 2020; Forsell et al., 2016; 
Lauri et al., 2017). In the last decade, the global wood pel-
let market grew rapidly (increasing on average 12% annu-
ally  from 2012  to 2019; FAO, 2020), driven by  increases 
in imports in parts of Europe and East Asia and fueled by 
increases  in  exports  from  North  America  and  southeast 
Europe (Thrän et al., 2019).

As  countries  act  to  reduce  their  GHG  emissions  to 
meet their pledges under the Paris Agreement, many will 

F I G U R E  1  Illustration of how emissions can be omitted from accounts (EOA). A combination of conditions must occur among 
biomass feedstock exporter and importer countries for emissions to be omitted. Exporter countries that (1) have no international climate 
commitments (e.g., not a Party to the Paris Agreement); (2) do not account for land areas where biomass is harvested or do not report with 
sufficient detail; or (3) that use a projected forest emissions reference level (instead of a historical reference level) establish the preconditions 
for EOA. If biomass feedstocks from these countries are imported and utilized by a country that applies the “production approach” to 
account for harvested wood products, then the emissions could be omitted from any country's accounting
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implement  policies  designed  to  increase  the  economic 
costs of emissions, particularly in the energy sector (Aldy 
et al., 2010). When EOA occurs, the value of trade and uti-
lization of biomass for energy production does not reflect 
the value of actual emission reductions, since the costs of 
emissions  fall  asymmetrically  on  different  trading  part-
ners;  instead,  it reflects a failure to accurately document 
and  account  for  emissions.  Within  the  bioenergy  value 
chain,  feedstock  producers,  traders,  and  bioenergy  pro-
ducers would avoid the costs affecting other forms of en-
ergy production, which would tend to confer an economic 
advantage to bioenergy that relies on EOA. This approach 
could  lead  to  opportunities  for  regulatory  arbitrage  be-
tween countries that utilize bioenergy and those that pro-
duce biomass feedstocks.

Beyond the energy system, the consequences for forests 
could be significant. Globally, forests harbor most of Earth's 
terrestrial biodiversity (FAO & UNEP, 2020), contribute es-
sential  ecosystem  services  (Brockerhoff  et  al.,  2017),  and 
serve as an important carbon sink (Harris et al., 2021; Pan 
et  al.,  2011).  Throughout  much  of  the  world,  forests  are 
likely to remain a net carbon sink for the foreseeable future 
(Harris et al., 2021), but small shifts in disturbance regimes 
can  substantially  influence  the  strength  of  these  sinks 
(Anderegg  et  al.,  2020;  Pugh  et  al.,  2019).  In  the  United 
States,  projections  suggest  the  strength  of  the  forest  sink 
may decline (Wear & Coulston, 2015), or it may remain rel-
atively stable or even increase in response to market- driven 
changes  in  forest  management  and  subsequent  increases 
in sequestration rates (Tian et al., 2018). If the strength of 
the sink declines, U.S. emissions abatement targets in non- 
forest sectors would need to compensate; thus, reductions 
in the size of the sink are functionally equivalent to an in-
crease  in  emissions.  However,  this  sink  has  already  been 
weakened by direct anthropogenic activities (e.g., land- use 
change, forest harvest and degradation, impacts on ecologi-
cal processes; IPCC, 2018, 2019) and indirect effects exacer-
bated by climate change, such as pests, wildfires, and other 
natural disturbances (Anderegg et al., 2020).

Reforestation,  avoided  deforestation,  and  forest  res-
toration  are  low  cost  and  readily  deployable  strategies 
to  increase net  sequestration and  storage  (Griscom et al., 
2017);  on  the  other  hand,  land- intensive  strategies  such 
as  large- scale afforestation or  the expansion of bioenergy 
monoculture plantations may impede goals related to both 
biodiversity  preservation  and  sustainable  development 
(Pörtner et al., 2021). Furthermore, policies aimed at pro-
moting sink- enhancing activities could falter if they are out- 
competed  by  additional  demand  for  biomass  feedstocks, 
which  in Europe have received some EUR 6.5 billion per 
year (Smith, Smit, et al., 2019). If the possibility for EOA is 
eliminated, bioenergy and sequestration could work in tan-
dem toward climate mitigation goals (Favero et al., 2020).

1.4  |  Assessing the potential scale of 
EOA and effects of feedstock demand

We analyzed the potential scale and impacts of  these  is-
sues by addressing four interrelated research questions:

1.  What  is  the  future  potential  scale  of  wood  pellet 
production  and  associated  scale  of  EOA,  driven  by 
projected demand for bioenergy and climate mitigation 
ambition?

2.  Where would forest harvests likely increase to meet the 
demand for biomass feedstocks, and by how much?

3.  What would be the potential impacts of these increased 
harvests,  in combination with other  factors, on  forest 
carbon stocks in the U.S. Southeast, the leading global 
source of wood pellets?

4.  What is the potential economic value of regulatory ar-
bitrage opportunities that arise from EOA?

This  analysis  builds  upon  related  work  (e.g.,  Favero 
et al., 2020; Tun et al., 2019), including past assessments 
that  have  quantified  and  estimated  the  level  of  GHG 
emissions  omitted  from  national  GHG  accounts  under 
the Kyoto Protocol (Brack, 2017; Searchinger et al., 2009). 
We  extended  past  assessments  by  analyzing  (1)  the  in-
teractions  of  several  aspects  of  the  existing  accounting 
framework that may impact future levels of EOA, globally, 
under  different  levels  of  climate  ambition,  (2)  the  value 
of  carbon  price  arbitrage  resulting  from  trade  between 
regions, and (3) the impact that this may have on the ca-
pacity  for  remaining  forest  ecosystems  to  sequester  and 
store  carbon  amidst  ongoing  disturbances  in  the  region 
that is currently the leading source of global wood pellets: 
the  U.S.  Southeast.  After  tripling  exports  from  1.9  Mton 
in 2012 to 6.02 Mton in 2018, the United States is now re-
sponsible for 25% of all exports (FAO, 2020). Since the U.S. 
Southeast accounts for roughly 55% of the total forest pro-
duction of the United States (Oswalt et al., 2019) and the 
entire U.S. supply of industrial wood pellets was derived 
from that region (Figure 2), we sought to understand the 
potential sensitivity of  the  forest carbon sink  in  the U.S. 
Southeast to a range of impacts, including the impact of 
increased demand of biomass feedstock.

2   |   MATERIALS AND METHODS

2.1  |  Combining two relevant approaches

To  analyze  how  future  demand  of  bioenergy  may  af-
fect  global  wood  pellet  trade  and  the  forest  landscape 
within  the  United  States,  we  applied  a  two- step  ap-
proach  (see  Data  S1).  In  step  one,  we  used  the  Global 
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Biosphere  Management  Model  (GLOBIOM;  Havlík 
et al., 2011, 2014; Lauri et al., 2019) to develop quantita-
tive estimates of the production of biomass feedstocks in 
different regions of the world and the volume and eco-
nomic  value  of  trade  flows  in  these  feedstocks  among 
geographic  regions  under  four  climate  change  mitiga-
tion  scenarios,  ranging  from  high  ambition  (RCP  1.9) 
to low ambition (RCP 8.5). In step two, we downscaled 
the GLOBIOM harvest estimates for each scenario to the 
U.S. Southeast, utilizing  the carbon  flux data  from the 
NASA  Carbon  Monitoring  System  (CMS;  Hagen  et  al., 
2016). We then compared the projected fluxes from bio-
mass  harvest  levels  under  each  scenario  to  published 
estimates of the effects of other disturbances, including 
climate impacts, on the region, as a way to estimate the 
combined  effect  of  these  factors  on  the  regional  forest 
carbon sink.

2.2  |  Using GLOBIOM to analyze global 
trade in biomass feedstocks

We used the GLOBIOM model to analyze the global de-
velopment  of  the  wood  pellets  sector  (e.g.,  production 
capacities,  price  developments,  international  trade,  and 

consumption  levels)  in  response  to  future  bioenergy  de-
mand  levels.  GLOBIOM  is  a  global,  recursive  dynamic, 
spatially  explicit,  partial  equilibrium  model  of  the  for-
estry,  agriculture,  and  bioenergy  sectors,  with  bi- lateral 
trade  flows.  The  model  computes  a  market  equilibrium 
sequentially for each 10- year time step, starting from the 
year 2000, by maximizing the sum of consumer and pro-
ducer  surplus  (i.e.,  welfare)  subject  to  resource,  techno-
logical,  demand,  and  political  constraints.  In  each  time 
step,  the  market  price  for  each  commodity  is  adjusted 
endogenously  to  equalize  supply  and  demand  for  each 
product  and  region,  including  a  total  of  26  wood- based 
commodities (Lauri et al., 2021).

GLOBIOM employs a bottom- up approach where the 
supply side of the model is built on a high- resolution spa-
tial grid (Takayama & Judge, 1971). Land is disaggregated 
into  simulation  units— clusters  of  5  arcmin  pixels  that 
were created based on altitude,  slope, and soil  class, 30 
arcmin pixels, and country boundaries. On the demand 
side, a representative consumer for each economic region 
optimizes consumption and trade in response to product 
prices and  income. For  this  specific assessment, we ap-
plied the EU- version of the GLOBIOM model, where the 
globe is represented at the level of 58 geographic regions, 
connected through bilateral trade flows (27 EU member 

F I G U R E  2  2018 wood pellet export volume in tons by country (FAO, 2020) (top). Blue line indicates U.S. wood pellet export volume in 
tons 2012– 2018 (FAO, 2020), red line indicates total capacity in 2018 (U.S. EIA, 2020) (bottom)
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states and 31 regions outside the EU). We mainly present 
model results aggregated to six regions: North America, 
Latin  America,  Europe  (including  the  UK),  Africa,  the 
former  Soviet  Union,  and  Asia  (see  Table  S1  for  a  full 
description of countries and regions). Bi- lateral trade of 
commodities is endogenously represented between each 
geographic  region.  To  represent  the  interplay  between 
different  sectors  endogenously  within  GLOBIOM,  the 
model  receives  biophysical  data  from  detailed  models 
that  represent  the  forest  (G4M;  Gusti  &  Kindermann, 
2011; Kindermann et al., 2008),  livestock (RUMINANT; 
Herrero et al., 2013), and crop sectors (Baker et al., 2018; 
EPIC; Leclère et al., 2014).

2.3  |  Comparing climate 
ambition scenarios

We undertook a structured exploration of bioenergy de-
mand  and  biomass  feedstock  production  under  various 
levels  of  climate  change  mitigation  efforts  to  represent 
future  potential  trajectories  for  the  global  development 
of  climate  change  mitigation  efforts  and  their  effects 
on  global  biomass  production.  Within  each  scenario, 
GLOBIOM  institutes  a  uniform  price  on  GHG  emis-
sions  to  achieve  the  specified  global  emissions  trajec-
tory;  this  price  represents  the  penalty  for  emissions  or 
the  reward  for  sequestration,  and  the  model  solves  for 
the optimal commodity trade flow among regions, based 
on production capacity and demand across regions. We 
applied  the  SSP  (Shared  Socioeconomic  Pathway)  and 
RCP  (Representative  Concentration  Pathways)  scenario 
frameworks  developed  for  the  Intergovernmental  Panel 
for  Climate  Change  (IPCC;  Moss  et  al.,  2010;  O’Neill 
et  al.,  2014,  2017;  Riahi  et  al.,  2017;  Van  Vuuren  et  al., 
2012).  We  limited  our  analysis  to  only  considering  the 
SSP 2 scenario because wood pellet production and con-
sumption are more sensitive to changes in bioenergy de-
mand than to changes in global GDP and population. We 
considered the full range of the RCP scenarios that reflect 
increasing levels of radiative forcing by 2100 to account 
for  the  full  range of potential  future bioenergy demand 
levels (RCP 1.9, RCP 2.6, RCP 4.5, and RCP 8.5 scenarios; 
Collins et al., 2011; Martin et al., 2011). Our high- demand 
scenario (RCP 1.9) represents a restriction of the global- 
mean  temperature  increase  in  2100  to  1.5°C  with  ap-
proximately 66% probability (Rogelj et al., 2018), whereas 
the low- demand scenario (RCP 8.5) represents a probable 
temperature range of 2.6– 4.8°C in the year 2100 (Collins 
et al., 2013). For further information on sources of emis-
sions and removals accounted for and how the bioenergy 
demand  has  been  estimated  for  each  RCP  scenario,  we 
refer  to  Fricko  et  al.  (2017).  Additional  information  on 

how  the  bioenergy  demand  has  been  implemented  in 
GLOBIOM is provided in Data S1.

Because our analysis was aimed at finding the potential 
for EOA, we did not assume that countries would continue 
their current accounting approaches. Instead, we treated 
the total volume of emissions from traded wood pellets as 
the upper estimate of potential  for EOA, since countries 
have  the  flexibility  to  adopt  accounting  approaches  that 
avoid accounting for these emissions. To estimate the po-
tential arbitrage value of trade in wood pellets, we applied 
the  relevant  carbon  price  in  each  scenario  to  the  traded 
volumes of wood pellets,  to  find  the potential  economic 
value  of  arbitrage  in  wood  pellet  trade.  Our  estimates 
correspond to a situation in which emissions from wood 
pellets traded across regions avoid all economic penalties; 
however, these estimates do not fully capture the EOA po-
tential from country- to- country trade. We subtract the en-
dogenously modeled price of wood pellets from the value 
of avoiding emissions penalties to estimate the net cost of 
utilizing imported wood pellets for bioenergy production.

2.4  |  Applying the NASA Carbon 
Monitoring System (CMS) to assess 
implications for forests in the 
U.S. Southeast

2.4.1  |  Evaluation of potential change in net 
GHG emissions in the U.S. Southeast forests

Forest stock changes that occur as a result of timber har-
vests are often additional to losses associated with distur-
bance  regimes  (Williams  et  al.,  2016).  Biomass  demand 
may stimulate an  increase  in harvest  rates and manage-
ment  intensity  (Buchholz  et  al.,  2019,  2021).  A  recent 
analysis  of  wood  pellet  procurement  landscapes  in  the 
Southeast from 2005 to 2017 found stable or modestly in-
creasing carbon stocks in living biomass and reduced car-
bon stocks in soils and standing dead trees (Aguilar et al., 
2020).  In  the  Southeast,  wood  pellet  feedstocks  include 
both  primary  fiber,  comprising  roundwood  (including 
thinnings)  and  harvesting  residuals  (e.g.,  bark,  unmer-
chantable  trees,  tops,  and  limbs),  and  secondary  fiber, 
comprising  sawmill  or  wood  product  manufacturing  re-
siduals and post- consumer, with many  large pellet mills 
utilizing  around  70%– 100%  primary  fiber  (Kittler  et  al., 
2020; U.S. EIA, 2020).

We evaluated the potential change  in net GHG emis-
sions  in  the  U.S.  Southeast  associated  with  estimates 
of  harvest  rates  projected  for  North  America  in  the 
GLOBIOM  model  for  the  RCP  scenarios  analyzed  in 
step one, described above (Table S2). To provide context, 
we  compared  the  potential  scale  of  forest  carbon  stock 
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changes to published estimates of the effects of expected 
disturbances  in  the U.S. Southeast,  including  fire,  insect 
outbreaks, wind, and forest conversion to non- forest (e.g., 
agriculture or development). For each RCP scenario, we 
then  evaluated  the  combined  effects  of  these  factors  on 
forest carbon stocks and fluxes in the region in 2030 and 
2050 (see Data S1).

We identified forest- related emissions using the NASA 
Carbon Monitoring System database (Hagen et al., 2016) 
which  provides  maps  of  estimated  carbon  in  forests  of 
the 48 continental states of the United States for the years 
2005– 2010.  We  refer  to  this  as  the  “reference  period” 
below. Carbon (termed “committed carbon”) stocks were 
estimated  for  forest  aboveground  biomass,  belowground 
biomass, standing dead stems, and litter for the year 2005. 
Carbon emissions were also estimated from land- use con-
version to agriculture, insect damage, logging, wind, and 
weather events  in  the  forests  for  the years 2006  through 
2010 (Hagen et al., 2016). Finally, committed net carbon 
flux  was  estimated  as  the  sum  of  carbon  emissions  and 
sequestration and serves as the reference period emissions 
for comparisons in Figure 2.

We derived subnational pellet production estimates to 
allocate  the projected changes  in  regional wood produc-
tion  from  the  national- level  estimates  generated  by  the 
GLOBIOM  model. We  calculated  the  percentage  change 
(increase) in national wood production from 2020 to 2030 
and  from  2020  to  2050  using  the  GLOBIOM  results  for 
each  of  the  four  RCP  scenarios  described  above.  To  ac-
count for regional forest specifics, we applied harvest level 
projections from GLOBIOM but endogenously calculated 
changes in forest carbon stocks. For simplicity, we added 
the projected percentage change in production to the “log-
ging” emissions baseline estimated by Hagen et al. (2016) 
to estimate the changes in forest- sector emissions for the 
U.S. Southeast region (Figure 2). We assumed a direct rela-
tionship between production and emissions from logging 
activities.  We  did  not  modify  carbon  sequestration  rates 
in  remaining  forests  in  the  model  because  management 
activities,  including  harvests,  could  increase  or  decrease 
forest  sequestration  rates  depending  upon  how  they  are 
carried out. For example, there are different productivity 
implications  from  deriving  additional  feedstocks  from 
loblolly  pine  (Pinus taeda)  plantation  thinnings  versus 
harvesting in bottomland hardwood forests (e.g., Giuntoli 
et al., 2020). Because of uncertainty associated with these 
unobservable  factors,  we  did  not  change  the  default  se-
questration  rates  in  our  analysis,  an  approach  that  we 
consider  to  be  conservative  with  regard  to  changes  in 
emissions  associated  with  harvest  rate  changes. We  also 
conservatively applied  the national- level production rate 
of  change  to  the  U.S.  Southeast  region.  Since  the  U.S. 
Southeast currently represents about 55% of the total U.S. 

timber production, we assumed that the greatest increases 
in wood pellet production would occur in this region, at 
least initially, because this is where extra pellet production 
capacity exists (Figure 3). Given the importance of the re-
gion  for  wood  pellet  production,  the  harvest  impacts  in 
the U.S. Southeast could be greater than what we estimate 
below.

3   |   RESULTS

3.1  |  Estimated global production and 
trade of wood pellets

On  a  global  scale,  the  production  of  wood  pellets  for 
bioenergy  purposes  has  grown  in  recent  years,  rising 
from  18  Mton/year  in  2012  to  38.9  Mton/year  in  2019 
(FAOSTAT, 2020), a 116% (17% average annual) increase. 
We  project  that  the  production  of  wood  pellets  will  in-
crease  continually  as  the  demand  for  bioenergy  rises 
and  countries  take  concrete  actions  to  mitigate  climate 
change.  The  level  of  climate  mitigation  (reflected  in  the 
RCP scenarios) has a relatively minor impact on the level 
of bioenergy demand and wood pellet production in 2030 
but a more significant impact on production by 2050 (see 
Figure 4). In 2030, global production of wood pellets  in-
creases to 64 Mton/year under the high- demand scenario 
(RCP 1.9), a 73% total  increase and a continued average 
annual increase of production by 15% from 2019 onward. 
In contrast,  in  the  low- demand scenario  (RCP 8.5), pro-
duction  of  wood  pellets  shows  virtually  no  growth.  The 
growth  of  wood  pellets  production  in  a  high- demand 
scenario (RCP 1.9) does not abate over time: in 2050, pro-
duction is 120 Mton/year, and 224% higher than the low- 
demand scenario (RCP 8.5; see Table S2).

Production of wood pellets continues to be dominated 
by  the  current  major  producing  regions  (i.e.,  Europe, 
North America, Former Soviet Union), but also increases 
significantly  in  Asia.  At  the  same  time,  production  of 
wood pellets in Latin America and Africa remains limited 
due to the inherent cost of feedstock and the availability of 
low- cost  feedstocks  such as  forest  industrial byproducts. 
Specific  countries  within  these  regions  (e.g.,  Brazil)  are 
projected to remain important suppliers of biomass for the 
production  of  wood  products  and  non- pellet  feedstocks 
(Favero at al., 2020; Lauri et al., 2017, 2019).

For  North  America  (see  Table  S2),  production  of 
wood pellets continues to increase over time, rising from 
5.0 Mton/year in 2012 to 11.2 Mton/year under the low- 
demand scenario (RCP 8.5) and 16.1 Mton/year under the 
high- demand scenario (RCP 1.9) by 2030 (an average an-
nual increase of 5%– 7%). Under the low- demand scenario, 
production increases until 2030 and remains at 11.2 Mton/
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year  until  2050,  but  under  the  high- demand  scenario,  it 
rises to 36.8 Mton/year by 2050 (see Figure 4), represent-
ing a 19% average annual increase since 2012. Most of the 
wood pellets produced in North America are expected to 
be exported and consumed in other regions. The propor-
tion of wood pellets  that are exported remains relatively 
stable across the climate mitigation scenarios (rising from 
76%  to  81%),  suggesting  that  wood  pellet  producers  in 
North America will be influenced to a high degree by the 
bioenergy demand in other countries and regions.

The production of wood pellets also increases in Asia, 
rising from 0.3 Mton/year in 2012 to 5.2 Mton/year in 2030 
and  2050  under  the  low- demand  scenario,  with  sharper 
increases to 11.4 Mton/year in 2030 and 23.3 Mton/year in 
2050 under  the high- demand scenario  (a  sustained pace 
of ~60% average annual  increase  from 2012  to 2050;  see 
Figure  4).  A  large  part  of  this  increase  serves  new  bio-
energy  demand  within  the  region,  particularly  in  South 
Korea, Japan, China, Malaysia, and the rest of South East 

Asia— Pacific  countries  (RSEA- PAC;  including Vietnam, 
Cambodia,  North  Korea,  Laos,  and  Mongolia).  South 
Korea, Japan, and China remain the main consumers of 
wood pellets within Asia, accounting for 94% of the total 
annual  consumption  in  2050.  Though  wood  pellet  pro-
duction in the region increases significantly under more 
ambitious  mitigation  scenarios,  demand  and  utilization 
within the region preclude large- scale export (Figure 5).

The production of wood pellets within Europe is also 
expected  to  rise  as  the  demand  for  bioenergy  increases; 
however, the increase in production would fall far short of 
the rising pace of demand for biomass feedstocks, partic-
ularly under more ambitious climate mitigation scenarios 
(see Figure 6). Under the low- demand scenario (RCP 8.5), 
production rises from 10.8 Mton in 2012 to 26.4 Mton in 
2030 and 2050 (an average annual increase of 13%, 2012– 
2030), while under the high- demand scenario (RCP 1.9), 
production rises to 46.3 Mton/year in 2030 and 86 Mton/
year in 2050 (average annual increase of 23% through 2030 

F I G U R E  3  Net committed annual flux of GHG emissions (Mt CO2- e/year) of forest disturbance and sequestration for the U.S. Southeast 
(2005– 2010) based on NASA Carbon Monitoring System data (Hagen et al., 2016)
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and 21% through 2050), exclusively consumed within the 
region. Europe is expected to continue to be a major global 
importer of wood pellets, importing 10.1 Mton in the low- 
demand  scenario  to  14.9  Mton  under  high- demand  sce-
nario in 2030, and 10.1 Mton in the low- demand scenario 
to 38.3 in the high- demand scenario in 2050. In 2012, 73% 
of  the  wood  pellets  consumed  within  Europe  were  pro-
duced within the region, but this share is expected to fall 
to 62%– 68% in 2030 and 51%– 62% in 2050, with lower ends 
of these ranges corresponding to the most ambitious cli-
mate mitigation  scenario. A  large  share of  the  imported 
wood pellets originates from North America, but imports 
from the Former Soviet Union and Asia are also expected 
to increase over time and with higher mitigation ambition.

3.2  |  Projected impacts of increased 
harvests on the forest carbon sink in the 
U.S. Southeast

Overall net carbon emissions were similar across all sce-
narios  because  the  changes  in  harvest  emissions  tended 
to  be  counterbalanced  by  opposite  trends  in  emissions 
attributed  to  climate- driven  disturbances.  Net  emis-
sions  differences  between  the  scenarios  and  the  ref-
erence  period  ranged  from  106  to  181  MtCO2- e/year 
(mean  =  147  MtCO2- e/year;  18%– 30%  reduction  in  sink 
strength). Changes to harvest rates are a primary driver of 
emissions changes in the different scenarios analyzed in 

the GLOBIOM model. Similarly, harvest emissions were 
the greatest overall annual contributor (77% of emissions 
before  considering  sequestration  in  the  forest)  to  emis-
sions in the 2005– 2010 reference period in our sensitivity 
analysis  of  subnational  emissions  in  the  U.S.  Southeast. 
In 2030,  the GLOBIOM results projected a nominal 7%– 
8% increase  in harvest rates  for  the region for both  low-  
and  high- demand  scenarios.  However,  by  2050,  harvest 
rates increased by 13% in the low- demand scenario (RCP 
8.5) and by 29% in the high- demand scenario (RCP 1.9). 
Emissions from harvest activities should be considered in 
the context of increased emissions and reduced sequestra-
tion rates in the forests from more prevalent disturbances 
under  the  higher  emission  scenarios  (RCP  4.5  and  8.5; 
Figure 7). Emissions from land- use conversion were 32%– 
83%  higher  than  wildfire  emissions  and  were  an  overall 
greater contributor to net emissions in all RCP scenarios 
(Figure 7). When all forest GHG fluxes are considered to-
gether, the high- demand scenario (RCP 1.9) with higher 
harvest rates and higher wildfire net emissions in 2050 led 
to the steepest loss of the region's forest carbon sink (see 
Figure 7).

3.3  |  Omitted emissions resulting from 
trade in feedstocks

For  each  scenario,  we  estimated  potential  for  EOA  in 
2030  and  2050  due  to  biomass  feedstock  imports.  Given 

F I G U R E  4  Production of wood pellets per region for consumption within the region and for export to other regions (see Data S1 for 
exact figures)
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F I G U R E  5  Domestic production (top) and domestic consumption (bottom) of wood pellets separated by regions and countries for Asia
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that  the  United  States  is  expected  to  remain  the  largest 
major exporter of wood pellets, we used the U.S. emission 
factor for the combustion of wood for energy (0.434 MtC 
per Mt wood biomass; U.S. EPA, 2021; Lindstrom, 2006) 
and  the  volume  of  wood  pellets  imported  for  each  re-
gion  to  estimate  its  associated  EOA.  We  estimate  that 
global  EOA  due  to  interregional  trade  could  reach 
23.77 MtCO2eq/year under a low- demand (RCP 8.5) sce-
nario  and  71.08  MtCO2eq/year  under  a  high- demand 
(RCP 1.9) scenario (see Table 2a), with cumulative emis-
sions from 2020 to 2050 surpassing 1300 MtCO2eq in the 
high- demand  scenario.  Import  of  wood  pellets  from  the 
United States to Europe accounts for most potential EOA, 
at 6.85 MtCO2eq/year under a low- demand (RCP 8.5) sce-
nario in 2050 and nearly five times higher under a high- 
demand (RCP 1.9) scenario (see Table 2a).

3.4  |  Arbitrage value of 
omitted emissions

Using the carbon content in imported biomass feedstocks 
in our results, we estimated the potential quantity of EOA. 
Our approach simulated trade in wood pellets across re-
gions;  as  a  result,  it  may  not  fully  capture  the  potential 
for  regulatory  arbitrage  among  countries  within  regions 

(see  Supplemental  Information  Table  S1  for  the  list  of 
GLOBIOM regions).

For  Europe,  the  potential  amount  of  EOA  in  2050 
related  to  the  import  of  wood  pellets  could  exceed  the 
economy- wide emissions in 2018 of a number of smaller 
Member States (see Table 2b). If European countries con-
tinued to apply the production approach when estimating 
emissions  associated  with  harvested  wood  products,  the 
emissions associated with imported wood pellets may not 
be  included  in  national  GHG  inventories  or  accounted 
for when countries assess their progress toward domestic 
emission reduction targets. Therefore, bioenergy produc-
ers using imported wood pellets could bypass the financial 
disincentives that would apply to these emissions if they 
were being accounted for in other sectors.

In addition to the future level of EOA, we explored the 
potential  arbitrage  value  of  differential  pricing  of  emis-
sions  among  countries  by  comparing  our  results  for  the 
low- demand (RCP 8.5) to the high- demand (RCP 1.9) sce-
nario. We used carbon prices simulated in the MESSAGE- 
GLOBIOM model (Fricko et al., 2017; see Data S1), which 
projects  a  carbon  price  in  Europe  of  US$435.85  per  ton 
CO2- e in 2050 for our high- demand scenario (IIASA, 2020; 
Rogelj et al., 2018).

Using  the  MESSAGE- GLOBIOM  simulated  emis-
sion  prices  and  the  difference  in  volumes  of  imported 

F I G U R E  6  Production of wood pellets with Europe and import quantities from outside of Europe for the different scenarios
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feedstocks between the high-  and low- demand scenarios, 
we estimated the potential value of arbitrage opportuni-
ties  from EOA.  In  the high- demand  (RCP 1.9)  scenario, 
the market price of wood pellets  rises  from US$208 per 
ton  (2030)  to US$237 per  ton  (2050). However,  the  sim-
ulated carbon prices diverge significantly even more be-
tween  these  scenarios,  leading  to a differential of about 
US$340 by 2050. If European bioenergy producers utilize 
EOA to avoid paying the price for GHG emissions, their 
savings  would  be  valued  at  US$14.6  billion  per  year  (in 
2020  US$)  by  2050  (Table  3).  By  that  time,  the  value  of 
avoiding  these  penalties  on  emissions  would  far  exceed 
the  estimated  cost  of  the  feedstocks  themselves,  which 
are  estimated  at  around  US$5  billion  in  2050  (Table  3). 
This  illustrates  how  higher  climate  ambition,  coupled 
with EOA, could  lead  to  remunerative opportunities  for 
biomass energy production.

4   |   DISCUSSION

4.1  |  Omitted emissions could drive 
higher demand for wood pellet production

Our  results  highlight  the  strong  correlation  between 
climate policy ambition and increased utilization of bio-
mass energy (specifically, wood pellets), with consequent 

implications  for  forest  health,  carbon  sinks,  and  accu-
rate  accounting  of  emissions.  More  ambitious  climate 
mitigation scenarios feature strong growth in the use of 
biomass energy, particularly in the European and Asian 
regions, along with an increase in the importing of wood 
pellets  to  Europe  due  to  their  cost  competitiveness  in 
relation  to  other  potential  energy  sources.  In  our  sce-
narios, Europe satisfies part of its growing bioenergy de-
mand through trade, at first relying primarily on North 
America, but eventually importing significant quantities 
of biomass  from Asia and the Former Soviet Union. In 
response,  from  2012  to  2050,  production  of  wood  pel-
lets in North America is projected to increase seven- fold 
(from 5.0  to 36.8 Mton/year) and production  in Asia  is 
expected  to  increase by more  than 60- fold  (from 0.3  to 
23.3 Mton/year).

These findings raise the possibility that within exist-
ing  accounting  frameworks,  asymmetrical  efforts  to  in-
crease  the  ambition  of  climate  mitigation  in  individual 
countries  could  increase  arbitrage  opportunities  from 
feedstock trade. Even if countries pursue more ambitious 
(but uneven) climate mitigation efforts, the unaccounted 
emissions from bioenergy could undermine those collec-
tive  efforts.  Globally,  EOA  from  bioenergy  are  difficult 
to detect, quantify, and address, because  they are effec-
tively “invisible”  to  the established policy mechanisms. 
These  conditions  could  lead  to  heightened  demand  for 

F I G U R E  7  Projected annual GHG flux associated with forest disturbances and forest sequestration pools in the U.S. Southeast for RCP 
emissions scenarios. Dotted line indicates 2005– 2010 reference period annual net forest GHG fluxes (−584 Mt CO2- e/year). A net sink for 
all scenarios indicates the continued accumulation of aboveground forest carbon stocks in the region; a weaker sink under some scenarios 
implies that the United States would need to compensate in other ways to meet its economy- wide emissions target
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bioenergy,  an  over- investment  in  biomass  energy  pro-
duction  capacity,  and  a  net  increase  in  system- wide 
emissions.

We  found  the  economic  value  of  avoiding  disincen-
tives strongly affects the net value of biomass feedstocks, 
which changes from a cost of US$57 per ton of wood pel-
lets  (2030)  to  a  net  revenue  of  US$457  per  ton  in  2050. 
The lucrative nature of this outcome could give bioenergy 
producers a significant comparative advantage over other 
forms  of  energy  production.  Furthermore,  these  figures 
do not reflect any direct or indirect subsidies paid by gov-
ernments, such as those currently available in the United 
Kingdom,  to  power  producers  substituting  biomass  for 
coal  (see Norton et al.,  2019), which would  further aug-
ment the profitability of bioenergy.

4.2  |  Potential regional and global 
impacts on forests

The  opportunity  for  bioenergy  production— particularly 
within Europe— to profit from imported biomass supplies 
could have significant impacts on forest stocks around the 
world. The anticipated demand would most heavily affect 
the forests of the U.S. Southeast, a forest carbon sink that 
has historically played a  significant  role  in  reducing  the 
net emissions of  the United States.  In the United States, 
forests and other lands annually sequester the equivalent 
of  approximately  12%  of  domestic  emissions  from  other 
sectors (U.S. EPA, 2020). If harvests for biomass feedstock 
production reduce this sink, the United States may need 
to rely upon other, potentially more costly sources of miti-
gation to meet domestic climate policy goals.

Factors  such as urban growth are already projected  to 
diminish the size of forests in the U.S. Southeast, reducing 
the  opportunities  for  forest  production  and  sequestration 
(Wear & Coulston, 2015; Wear & Greis, 2002), with an esti-
mated 118,300 km2 of forestland expected to be converted 
to urban land between 2000 and 2050 (Nowak & Walton, 
2005). In addition, climate change is expected to impact the 
remaining forests through increased frequency and inten-
sity  of  wildfires  and  droughts,  as  well  as  greater  damage 
from pests and severe weather events  such as hurricanes 
(Seidl et al., 2017; USGCRP, 2018). Our analysis compared 
the  relative  scale  of  these  impacts  with  the  projected  in-
crease  in  harvest  driven  by  biomass  energy  demand  and 
found  an  inverse  relationship  between  these  two  drivers 
of forest impacts: greater climate ambition leads to less se-
vere climate impacts but deeper reductions in forest stocks 
as a result of harvest to meet bioenergy demand, whereas 
less ambitious climate scenarios are associated with more 
severe climate  impacts and relatively  lower  impacts  from 
forest harvest. This apparent tradeoff, in terms of outcomes T
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for forests, can be avoided if global mitigation goals are met 
by means other than an overreliance on bioenergy.

In all scenarios we analyzed, the future forest carbon sink 
in the U.S. Southeast is diminished relative to the historical 
sink (Figure 7). Furthermore, our analysis suggests that the 
effect  of  bioenergy  demand  has  the  potential  to  outweigh 
the  effects  of  climate  change  on  forest  stocks,  since  the 
smallest sink in our analysis corresponded to the ambitious 
RCP 1.9 scenario (402.8 MtCO2- e in 2050, a 31% reduction 
compared to historical levels). However, the combination of 
effects is mixed across the various scenarios and is sensitive 
to model assumptions. In addition, the application of vari-
ous  forest management practices and second- order effects 
were not accounted for in our sensitivity analysis and are a 
worthwhile subject for future investigation.

Beyond  the  United  States,  our  results  suggest  that 
biomass  energy  demand  may  also  influence  forest  car-
bon  stocks,  net  GHG  fluxes,  and  forest  ecosystem  ser-
vice delivery in other regions. Forests have expanded in 
Europe in recent decades, after enjoying a long period of 
recovery since WWII, and they are now reaching matu-
rity (Nabuurs et al., 2013). The net GHG flux from these 
forests  (including  their harvested wood products) could 
shift  in  either  direction  in  the  future  depending  on  the 
specific  management  practices  employed  to  meet  bio-
energy  demand.  For  instance,  future  biomass  demand, 
driven  by  climate  ambition,  could  subject  European 
forests to even more intensive management and the im-
plementation of more productive systems, such as mono-
culture  plantations  of  non- native  species— approaches 
that  could  diminish  biodiversity  and  leave  these  forests 
more  vulnerable  to  climate  impacts  and  other  distur-
bances (EASAC, 2017, 2019; JRC, 2021).

Outside  of  Europe,  forests  in  the  countries  of  the 
Former Soviet Union and East Asia regions may be partic-
ularly affected by growth in wood pellet demand. Notable 
expansions of forest have occurred in both regions in recent 
decades, raising the possibility that they could sustainably 
meet demand for biomass feedstocks without diminishing 
their overall forest carbon stocks (Potapov et al., 2015; Tun 
et  al.,  2019).  Such  an  outcome  would  represent  a  depar-
ture from forest management trends in these regions. For 
example, in recent years, deforestation in Asia— driven by 
production of agricultural commodities (such as palm oil) 
and forestry products— has become a significant source of 
emissions (Pendrill et al., 2019) and resulted in major losses 
of biodiversity (Hughes, 2017). A surge in global demand 
for  biomass  feedstocks  could  have  similar  unintended 
consequences— and  emissions  there  could  be  higher  and 
more long lasting than in other parts of the world if feed-
stocks  are  sourced  from  drained  forest  peatlands,  which 
generate  ongoing  emissions  of  methane  when  disturbed 
(Miettinen et al., 2017; Page & Hooijer, 2016).

4.3  |  Limitations of these estimates

Our  analysis  should  be  interpreted  within  the  limits 
that  arise  from  information  availability  and  analyti-
cal  capabilities,  especially  for  long- term  projections. 
As with other analyses (e.g., Austin et al., 2020; Favero 
et al., 2020; Johnston & Radeloff, 2019; Kim et al., 2018; 
Lauri  et  al.,  2017),  we  are  not  able  to  fully  incorporate 
the long- term effects of climate change in our GLOBIOM 
simulations,  although  we  did  apply  climate- driven  ad-
justments to disturbance levels in our sensitivity analysis 
of the U.S. Southeast, to gauge their relative scale com-
pared to the impacts of wood pellet demand. Higher RCP 
scenarios  could  trigger  more  localized  disturbances  in 
forests,  through drought, pest outbreaks, and other  im-
pacts,  which  could  decrease  net  carbon  sequestration 
and increase net emissions. On the other hand, the dif-
fuse  effects  of  carbon  fertilization  and  nitrogen  deposi-
tion could lead to faster rates of forest growth and higher 
levels of carbon accumulation, which could increase net 
carbon  sequestration  (Mendelsohn  &  Sohngen,  2019; 
Smith et al., 2014). Additionally, our sensitivity analysis 
did not consider market- driven changes in management 
and forest area that would improve productivity and car-
bon sequestration rates. Research that has incorporated 
such market dynamics suggests that demand may stimu-
late  investments  in  forest  management,  with  potential 
for positive impacts on sequestration and carbon stocks, 
but negative impacts on biodiversity as the extent of in-
tensively  managed  forest  plantations  increases  (Favero 
et al., 2020).

Our ability to precisely estimate carbon fluxes associ-
ated with forests was complicated by a reliance on many 
different  types of data. NASA CMS estimates at a conti-
nental  scale  had  a  standard  error  that  was  ±18%  of  the 
mean value (Harris et al., 2016). On smaller spatial scales, 
the  potential  error  could  be  greater.  Nevertheless,  even 
when considering this range, the net differences projected 
in  our  sensitivity  analysis  are  meaningful  compared  to 
potential  climate  impacts. Our approach  to  test  the  sen-
sitivity  of  carbon  fluxes  in  our  analysis  of  forests  in  the 
southeastern U.S. is an example of how such issues could 
be  assessed.  Further  assessments  of  other  geographic 
areas will undoubtedly elucidate these dynamics.

Our  assessment  also  does  not  consider  a  number 
of  factors  that  can  affect  international  trade,  including 
changes in trade policies, import regulations, tariffs, insti-
tutional barriers, and infrastructural limitations (Janssens 
et  al.,  2020).  Implementation  of  the  European  Union's 
Renewable  Energy  Directive  (RED  II)  could  have  large 
impacts  on  European  levels  of  imports  of  wood  pellets 
(Searchinger  et  al.,  2018).  Similarly,  policies  that  lead 
to  demand  for  wood  products  competing  for  the  same 
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feedstocks,  such  as  cross- laminated  timber,  or  that  pro-
vide incentives to landowners for forest carbon sequestra-
tion could attenuate the demand for wood pellets (Favero 
et al., 2020). Our analysis focuses on projections of wood 
pellet  trade;  future  supply  and  demand  of  other  woody 
feedstocks  remains  another  key  developing  area  of  re-
search (e.g., Daigneault & Favero, 2021; Lauri et al., 2019). 
The role of bioenergy as a renewable energy source and 
its potential for removing carbon from the atmosphere is 
still being debated (EASAC, 2019). We have characterized 
regionally  optimized  estimates  of  trade  in  wood  pellets 
under low to high levels of future bioenergy demand sce-
narios (i.e., RCP 8.5 to RCP 1.9), but within these scenar-
ios, countries could employ a range of pathways to reach 
climate  neutrality  (IPCC,  2018),  each  with  different  de-
mands for levels of bioenergy and wood pellets. A detailed 
analysis  that  looks  at  the  trade  implications  of  country- 
level policy options (rather than regional) is a worthwhile 
subject  for  further research, given  its potential  for wide-
spread impacts on forests.

5   |   CONCLUSION

Our  results  highlight  the  problems  that  could  arise  if 
countries fail to account for emissions that stem from bio-
energy production. We quantified the potential for growth 
in global wood pellet trade and the corresponding poten-
tial for EOA, regulatory arbitrage in trade between Europe 
and the United States, and the consequent effects on the 
forests of the U.S. Southeast. Potential increases in unac-
counted emissions from the harvest of biomass feedstocks, 
made possible through artifacts of accounting rules, could 
accelerate  the  growth  in  bioenergy  production  beyond 
what is optimal for the climate or for forest health. Energy 
systems, once established, can become locked in, due to a 
range of political and economic factors that tend to main-
tain  the  status  quo  (Fouquet,  2016).  The  opportunity  to 
exploit  EOA— intentionally  or  unintentionally— could 
become increasingly attractive if power generators are in-
sulated from the costs of policies designed to discourage 
GHG emissions.

Changes in UNFCCC accounting rules might address 
some  of  these  issues  (Norton  et  al.,  2019).  Increasing 
the  transparency and accessibility of accounting  for bio-
energy  emissions  may  help  to  illuminate  the  potential 
trade- offs between bioenergy emissions and forest carbon 
stocks  (Cowie  et  al.,  2021).  One  straightforward  way  to 
prevent  EOA  would  be  to  require  the  use  of  compatible 
accounting  approaches  that  ensure  emissions  associated 
with biomass feedstocks are fully accounted, either in the 
country of origin or the destination country— noting that 
accounting  for  them  in  the  destination  country  would 

more  closely  parallel  the  accounting  for  imported  fossil 
fuels and could allow better alignment of policies across 
sectors. Countries could also enhance trade regulations to 
specifically ensure that wood pellet import does not lead 
to EOA. Indeed, the 2019 IPCC Refinement recommends 
that countries compare their own approaches with those 
of countries from whom they import and to rectify their 
accounts so that carbon embodied in imported wood prod-
ucts (and subsequently emitted) is accounted for once and 
only once (Rüter et al., 2019). However, we are not aware 
of  any  countries  currently  undertaking  such  a  process. 
Until a global policy fix  is  identified, this problem could 
persist.

A  central  issue  for  policymakers— and  a  motivating 
factor  for  this  research— is  consideration  of  the  future 
landscapes that will be shaped by our response to climate 
change.  In  addition  to  weighing  the  potential  effects  of 
climate change impacts, policymakers must also consider 
how mitigation approaches could affect the integrity of ter-
restrial ecosystems. Will natural forest regeneration be the 
predominant mitigation strategy  for  forested  landscapes, 
or will landscapes be dominated by plantation forests in-
tensively  managed  for  bioenergy  feedstock  production? 
Policies that continue to allow EOA from bioenergy could 
arbitrarily  favor  the  second  option,  undermining  coun-
tries’  commitments  under  the  Convention  on  Biological 
Diversity.

Foreclosing  risks  posed  by  bioenergy  to  the  climate 
and  global  ecosystems  is  challenging  but  important. 
Clarifying boundaries and expectations about  the poten-
tial  scale  of  future  bioenergy  use  could  illuminate  the 
kinds  of  interventions  necessary  to  prevent  unintended 
environmental,  economic,  or  social  negative  outcomes 
(Creutzig et al., 2021; Reid et al., 2020). This in turn would 
aid  in  understanding  the  balance  of  climate  mitigation 
that must be achieved across other sectors and activities. 
Understanding the interplay of the many factors that af-
fect  the  GHG  profile  of  bioenergy  is  vitally  important  if 
the role of biomass energy in climate mitigation is to be a 
positive one.

ACKNOWLEDGMENTS
The authors thank Pekka Lauri, who ran the GLOBIOM 
scenarios for this project; Max Broad, who conceptual-
ized the research and brought the team together; Alpha 
Glass  Wingfield,  who  assisted  with  graphics;  Karin 
Matchett  (K.E.  Matchett,  LLC),  Edith  Juno,  and  Julia 
Jeanty  for  their  reviews  and  feedback  during  the  edit-
ing process. Financial support was provided  in part by 
the  David  and  Lucile  Packard  Foundation,  the  Doris 
Duke Foundation, Norwegian Agency for Development 
Cooperation,  and  the  New  Hampshire  Agricultural 
Experiment Station.



   | 339FUNK et al.

CONFLICT OF INTEREST
The authors declare no competing interests.

AUTHOR CONTRIBUTIONS
All authors contributed to developing the research ques-
tions,  analysis,  and  interpretation  of  results.  Jason  M. 
Funk  conceptualized  the  research  and  led  the  writing 
of  the  manuscript;  Nicklas  Forsell  analyzed  and  led  the 
writing  about  the  GLOBIOM  runs;  John  S.  Gunn  ana-
lyzed and led the writing about the U.S. Southeast. All au-
thors contributed to the drafts and gave final approval for 
publication.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able  from  the  corresponding  author  upon  reasonable 
request.

ORCID
Jason M. Funk   https://orcid.org/0000-0003-2634-0743 
Nicklas Forsell   https://orcid.org/0000-0002-4984-3231 
John S. Gunn   https://orcid.org/0000-0002-3821-4827 
David N. Burns   https://orcid.org/0000-0002-3104-8803 

REFERENCES
Achat, D. L., Fortin, M., Landmann, G., Ringeval, B., & Augusto, L. 

(2015).  Forest  soil  carbon  is  threatened  by  intensive  biomass 
harvesting. Scientific Reports, 5, 1– 10. https://doi.org/10.1038/
srep1 5991

Agostini, A., Giuntoli, J., Marelli, L., & Amaducci, S. (2019). Flaws in 
the interpretation phase of bioenergy LCA fuel the debate and 
mislead  policymakers.  The International Journal of Life Cycle 
Assessment,  25(1),  17– 35.  https://doi.org/10.1007/s1136 7- 019- 
01654 - 2

Aguilar, F. X., Mirzaee, A., McGarvey, R. G., Shifley, S. R., & Burtraw, 
D. (2020). Expansion of US wood pellet industry points to pos-
itive  trends  but  the  need  for  continued  monitoring.  Scientific 
Reports, 10(1), 1– 17. https://doi.org/10.1038/s4159 8- 020- 75403 - z

Aldy, J. E., Krupnick, A. J., Newell, R. G., Parry,  I. W. H., & Pizer, 
W.  A.  (2010).  Designing  climate  mitigation  policy.  Journal of 
Economic Literature,  48(4),  903– 934.  https://doi.org/10.1257/
jel.48.4.903

Anderegg, W. R. L., Trugman, A. T., Badgley, G., Anderson, C. M., 
Bartuska, A., Ciais, P., Cullenward, D., Field, C. B., Freeman, 
J.,  Goetz,  S.  J.,  Hicke,  J.  A.,  Huntzinger,  D.,  Jackson,  R.  B., 
Nickerson,  J.,  Pacala,  S.,  &  Randerson,  J.  T.  (2020).  Climate- 
driven  risks  to  the  climate  mitigation  potential  of  forests. 
Science,  368(6497),  eaaz7005.  https://doi.org/10.1126/scien 
ce.aaz7005

Austin, K. G., Baker, J. S., Sohngen, B. L., Wade, C. M., Daigneault, 
A., Ohrel, S. B., Ragnauth, S., & Bean, A. (2020). The economic 
costs of planting, preserving, and managing the world’s forests 
to mitigate climate change. Nature Communications, 11(1), 1– 9. 
https://doi.org/10.1038/s4146 7- 020- 19578 - z

Baker,  J.  S.,  Havlík,  P.,  Beach,  R.,  Leclère,  D.,  Schmid,  E.,  Valin, 
H.,  Cole,  J.,  Creason,  J.,  Ohrel,  S.,  &  McFarland,  J.  (2018). 

Evaluating the effects of climate change on US agricultural sys-
tems:  Sensitivity  to  regional  impact  and  trade  expansion  sce-
narios. Environmental Research Letters, 13(6), 064019. https://
doi.org/10.1088/1748- 9326/aac1c2

Bellouin,  N.,  Collins,  W.  J.,  Culverwell,  I.  D.,  Halloran,  P.  R., 
Hardiman, S. C., Hinton, T. J., Jones, C. D., McDonald, R. E., 
McLaren,  A.  J.,  O'Connor,  F.  M.,  Roberts,  M.  J.,  Rodriguez, 
J. M., Woodward, S., Best, M. J., Brooks, M. E., Brown, A. R., 
Butchart,  N.,  Dearden,  C.,  Derbyshire,  S.  H.,  …  Wiltshire,  A. 
(2011).  The  HadGEM2  family  of  Met  Office  Unified  Model 
climate configurations. Geoscientific Model Development, 4(3), 
723– 757. https://doi.org/10.5194/gmd- 4- 723- 2011

Berndes, G., Abt, R., Asikainen, A., Cowie, A. L., Dale, V., Egnell, 
G.,  Lindner,  M.,  Marelli,  L.,  Paré,  D.,  Pingoud,  K.,  &  Yeh,  S. 
(2016). Forest biomass,  carbon neutrality and climate change 
mitigation. In From Science to Policy, 3  (October). https://doi.
org/10.13140/ RG.2.2.20407.52646

Birdsey,  R.,  Duffy,  P.,  Smyth,  C.,  Kurz,  W.  A.,  Dugan,  A.  J., 
&  Houghton,  R.  (2018).  Climate,  economic,  and  envi-
ronmental  impacts  of  producing  wood  for  bioenergy. 
Environmental Research Letters,  13(5),  050201.  https://doi.
org/10.1088/1748- 9326/aab9d5

Brack, D. (2017). Woody biomass for power and heat: Impacts on the 
global climate.  (Issue  February).  https://www.chath amhou 
se.org/publi catio n/woody - bioma ss- power - and- heat- impac ts- 
globa l- climate

Brockerhoff,  E.  G.,  Barbaro,  L.,  Castagneyrol,  B.,  Forrester,  D.  I., 
Gardiner, B., González- Olabarria, J. R., Lyver, P. O., Meurisse, 
N., Oxbrough, A., Taki, H., Thompson, I. D., van der Plas, F., 
&  Jactel,  H.  (2017).  Forest  biodiversity,  ecosystem  function-
ing  and  the  provision  of  ecosystem  services.  Biodiversity and 
Conservation, 26(13), 3005– 3035. https://doi.org/10.1007/s1053 
1- 017- 1453- 2

Buchholz, T., Gunn, J. S., & Sharma, S. (2021). When biomass elec-
tricity  demand  prompts  thinnings  in  southern  US  pine  plan-
tations: A carbon life cycle assessment case study. Frontiers in 
Forests and Global Change,  4,  1– 14.  https://doi.org/10.3389/
ffgc.2021.642569

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(2), 281– 289. https://doi.
org/10.1111/gcbb.12245

Buchholz,  T.,  Keeton,  W.  S.,  &  Gunn,  J.  S.  (2019).  Economics 
of  integrated  harvests  with  biomass  for  energy  in  non- 
industrial forests in the northeastern US forest. Forest Policy 
and Economics,  109,  102023.  https://doi.org/10.1016/j.
forpol.2019.102023

Buongiorno, J., Zhu, S., Zhang, D., Turner, J., & Tomberlin, D. (2003). 
The  global  forest  products  model:  Structure,  estimation,  and 
applications. In The global forest products model: Structure, es-
timation, and applications.  Elsevier.  https://doi.org/10.1016/
B978- 0- 12- 14136 2- 0.X5000 - 6

Ceccherini, G., Duveiller, G., Grassi, G., Lemoine, G., Avitabile, V., 
Pilli,  R.,  &  Cescatti,  A.  (2020).  Abrupt  increase  in  harvested 
forest  area  over  Europe  after  2015.  Nature,  583(7814),  72– 77. 
https://doi.org/10.1038/s4158 6- 020- 2438- y

Clarke, L., Jiang, K., Akimoto, K., Babiker, M., Blanford, G., Fisher- 
Vanden,  K.,  Hourcade,  J.- C.,  Krey,  V.,  Kriegler,  E.,  Löschel, 
A.,  McCollum,  D.,  Paltsev,  S.,  Rose,  S.,  Shukla,  P.  R., Tavoni, 
M.,  van  der  Zwaan,  B.  C.  C.,  &  van  Vuuren,  D.  P.  (2014). 

https://orcid.org/0000-0003-2634-0743
https://orcid.org/0000-0003-2634-0743
https://orcid.org/0000-0002-4984-3231
https://orcid.org/0000-0002-4984-3231
https://orcid.org/0000-0002-3821-4827
https://orcid.org/0000-0002-3821-4827
https://orcid.org/0000-0002-3104-8803
https://orcid.org/0000-0002-3104-8803
https://doi.org/10.1038/srep15991
https://doi.org/10.1038/srep15991
https://doi.org/10.1007/s11367-019-01654-2
https://doi.org/10.1007/s11367-019-01654-2
https://doi.org/10.1038/s41598-020-75403-z
https://doi.org/10.1257/jel.48.4.903
https://doi.org/10.1257/jel.48.4.903
https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1126/science.aaz7005
https://doi.org/10.1038/s41467-020-19578-z
https://doi.org/10.1088/1748-9326/aac1c2
https://doi.org/10.1088/1748-9326/aac1c2
https://doi.org/10.5194/gmd-4-723-2011
https://doi.org/10.13140/RG.2.2.20407.52646
https://doi.org/10.13140/RG.2.2.20407.52646
https://doi.org/10.1088/1748-9326/aab9d5
https://doi.org/10.1088/1748-9326/aab9d5
https://www.chathamhouse.org/publication/woody-biomass-power-and-heat-impacts-global-climate
https://www.chathamhouse.org/publication/woody-biomass-power-and-heat-impacts-global-climate
https://www.chathamhouse.org/publication/woody-biomass-power-and-heat-impacts-global-climate
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.3389/ffgc.2021.642569
https://doi.org/10.3389/ffgc.2021.642569
https://doi.org/10.1111/gcbb.12245
https://doi.org/10.1111/gcbb.12245
https://doi.org/10.1016/j.forpol.2019.102023
https://doi.org/10.1016/j.forpol.2019.102023
https://doi.org/10.1016/B978-0-12-141362-0.X5000-6
https://doi.org/10.1016/B978-0-12-141362-0.X5000-6
https://doi.org/10.1038/s41586-020-2438-y


340 |   FUNK et al.

Assessing transformation pathways. In O. Edenhofer, R. Pichs- 
Madruga,  Y.  Sokona,  E.  Farahani,  S.  Kadner,  K.  Seyboth,  A. 
Adler,  I.  Baum,  S.  Brunner,  P.  Eickemeier,  B.  Kriemann,  J. 
Savolainen,  S.  Schlömer,  C.  von  Stechow,  T.  Zwickel,  &  J.  C. 
Minx (Eds.), Climate change 2014: Mitigation of climate change. 
Contribution of working group III to the fifth assessment report 
of the Intergovernmental Panel on Climate Change. Cambridge 
University Press.

Coendet, T. (2021). The concept of regulatory arbitrage. In K. Mathis 
& A. Tor (Eds.), Law and economics of regulation (pp. 159– 182). 
Volume  11  of  Economic  Analysis  of  Law  in  European  Legal 
Scholarship. Springer Nature.

Collins,  M.,  Knutti,  R.,  Arblaster,  J.,  Dufresne,  J.- L.,  Fichefet,  T., 
Friedlingstein, P., Gao, X., Gutowski, W. J., Johns, T., Krinner, 
G.,  Shongwe,  M.,  Tebaldi,  C.,  Weaver,  A.  J.,  &  Wehner,  M. 
(2013).  Long- term  climate  change:  Projections,  commitments 
and  irreversibility.  In T. F. Stocker, D. Qin, G.- K. Plattner, M. 
Tignor, S. K. Allen,  J. Boschung, A. Nauels, Y. Xia, V. Bex, & 
P.  M.  Midgley  (Eds.),  Climate change 2013: The physical sci-
ence basis. Contribution of working group I to the fifth assess-
ment report of the Intergovernmental Panel on Climate Change. 
Cambridge University Press.

Collins,  W.  J.,  Bellouin,  N.,  Doutriaux- Boucher,  M.,  Gedney,  N., 
Halloran,  P.,  Hinton,  T.,  Hughes,  J.,  Jones,  C.  D.,  Joshi,  M., 
Liddicoat,  S.,  Martin,  G.,  O’Connor,  F.,  Rae,  J.,  Senior,  C., 
Sitch,  S.,  Totterdell,  I.,  Wiltshire,  A.,  &  Woodward,  S.  (2011). 
Development  and  evaluation  of  an  Earth- System  model— 
HadGEM2. Geoscientific Model Development, 4(4), 1051– 1075. 
https://doi.org/10.5194/gmd- 4- 1051- 2011

Cornwall,  W.  (2017).  The  burning  question.  Science,  355(6320), 
18– 21.

Costanza, J. K., Abt, R. C., McKerrow, A. J., & Collazo, J. A. (2017). 
Bioenergy  production  and  forest  landscape  change  in  the 
southeastern  United  States.  GCB Bioenergy,  9(5),  924– 939. 
https://doi.org/10.1111/gcbb.12386

Cowie, A. L., Berndes, G., Bentsen, N. S., Brandão, 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., … 
Ximenes, F. A.  (2021). Applying a science- based systems per-
spective to dispel misconceptions about climate effects of for-
est  bioenergy.  GCB Bioenergy,  13(8),  1210– 1231.  https://doi.
org/10.1111/gcbb.12844

Creutzig,  F.,  Erb,  K.,  Haberl,  H.,  Hof,  C.,  Hunsberger,  C.,  &  Roe, 
S.  (2021). Considering sustainability  thresholds  for BECCS  in 
IPCC and biodiversity assessments. GCB Bioenergy, 13(4), 510– 
515. https://doi.org/10.1111/gcbb.12798

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., … Masera, O. 
(2015). Bioenergy and climate change mitigation: An assess-
ment. GCB Bioenergy, 7(5), 916– 944. https://doi.org/10.1111/
gcbb.12205

Daigneault,  A.,  &  Favero,  A.  (2021).  Global  forest  management, 
carbon  sequestration  and  bioenergy  supply  under  alternative 
shared socioeconomic pathways. Land Use Policy, 103, 105302. 
https://doi.org/10.1016/j.landu sepol.2021.105302

Daigneault,  A.,  Sohngen,  B.,  &  Sedjo,  R.  (2012).  Economic  ap-
proach  to  assess  the  forest  carbon  implications  of  biomass 

energy.  Environmental Science & Technology,  46(11),  5664– 
5671. https://doi.org/10.1021/es203 0142

De Oliveira Garcia, W., Amann, T., & Hartmann, J. (2018). Increasing 
biomass demand enlarges negative forest nutrient budget areas 
in wood export regions. Scientific Reports, 8(1), 1– 7. https://doi.
org/10.1038/s4159 8- 018- 22728 - 5

Directive  2008/101/EC  of  the  European  Parliament  and  of  the 
Council.  (2008).  Annex  Section  2.  https://eur- lex.europa.eu/
LexUr iServ/ LexUr iServ.do?uri=OJ:L:2009:008:0003:0021:en:
PDF

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. Environmental Research Letters, 14(2). 
https://doi.org/10.1088/1748- 9326/aaf937

EASAC.  (2017).  Multi- functionality  and  sustainability  in  the 
European  Union’s  forests.  (Policy  report  32).  https://easac.
eu/filea dmin/PDF_s/repor ts_state ments/ Fores ts/EASAC_
Fores ts_web_compl ete.pdf.EU  ETS  Directive  2003/87/EC. 
Establishing  a  scheme  for  greenhouse  gas  emission  allow-
ance  trading  within  the  Community  and  amending  Council 
Directive  96/61/EC.  European  Parliament,  Council  of  the 
European  Union.  https://eur- lex.europa.eu/legal - conte nt/EN/
TXT/?uri=celex %3A320 03L0087

EASAC. (2018). Commentary by the European Academies’ Science 
Advisory  Council  (EASAC)  on  Forest  Bioenergy  and  Carbon 
Neutrality.  https://easac.eu/filea dmin/PDF_s/repor ts_state 
ments/ Carbon_Neutr ality/ EASAC_comme ntary_on_Carbon_
Neutr ality_15_June_2018.pdf

EASAC.  (2019).  Forest  bioenergy,  carbon  capture  and  storage,  and 
carbon dioxide removal: An update. EASAC Secretariat. https://
easc.eu/filea dmin/PDF_s/repor ts_state ments/ Negat ive_Carbo n/
EASAC_Comme ntary_Forest_Bioen ergy_Feb_2019_FINAL.pdf

FAO. (2020). FAOSTAT database. https://www.fao.org/faostat
FAO  and  UNEP.  (2020).  The  state  of  the  world’s  forests  (2020). 

Forests, biodiversity and people. Rome. https://doi.org/10.4060/
ca8642en

FAOSTAT. (2020). Forestry production and trade database. https://
www.fao.org/faost at/en/#data/FO

Favero, A., Daigneault, A., & Sohngen, B. (2020). Forests: Carbon se-
questration, biomass energy, or both? Science Advances, 6(13), 
1– 14. https://doi.org/10.1126/sciadv.aay6792

Forsell,  N.,  Korosuo,  A.,  Havlík,  P., Valin,  H.,  Lauri,  P.,  Gusti,  M., 
Kindermann,  G.,  Obersteiner,  M.,  Böttcher,  H.,  Hennenberg, 
K., Hünecke, K., Wiegmann, K., Pekkanen, M., Nuolivirta, P., 
Bowyer, C., Nanni, S., Allen, B., Poláková, J., Fitzgerald, J., & 
Lindner, M.  (2016).  Study on impacts on resource efficiency of 
future EU demand for bioenergy (ReceBio). Final Report. http://
ec.europa.eu/envir onmen t/envec o/studi es.htm#4

Fouquet,  R.  (2016).  Path  dependence  in  energy  systems  and  eco-
nomic  development.  Nature Energy,  1(8),  1– 5.  https://doi.
org/10.1038/nener gy.2016.98

Fricko,  O.,  Havlik,  P.,  Rogelj,  J.,  Klimont,  Z.,  Gusti,  M.,  Johnson, 
N., Kolp, P., Strubegger, M., Valin, H., Amann, M., Ermolieva, 
T., Forsell, N., Herrero, M., Heyes, C., Kindermann, G., Krey, 
V., McCollum, D. L., Obersteiner, M., Pachauri, S., … Riahi, K. 
(2017). The marker quantification of the Shared Socioeconomic 
Pathway  2:  A  middle- of- the- road  scenario  for  the  21st  cen-
tury.  Global Environmental Change,  42,  251– 267.  https://doi.
org/10.1016/j.gloen vcha.2016.06.004

https://doi.org/10.5194/gmd-4-1051-2011
https://doi.org/10.1111/gcbb.12386
https://doi.org/10.1111/gcbb.12844
https://doi.org/10.1111/gcbb.12844
https://doi.org/10.1111/gcbb.12798
https://doi.org/10.1111/gcbb.12205
https://doi.org/10.1111/gcbb.12205
https://doi.org/10.1016/j.landusepol.2021.105302
https://doi.org/10.1021/es2030142
https://doi.org/10.1038/s41598-018-22728-5
https://doi.org/10.1038/s41598-018-22728-5
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:008:0003:0021:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:008:0003:0021:en:PDF
https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:008:0003:0021:en:PDF
https://doi.org/10.1088/1748-9326/aaf937
https://easac.eu/fileadmin/PDF_s/reports_statements/Forests/EASAC_Forests_web_complete.pdf.EU
https://easac.eu/fileadmin/PDF_s/reports_statements/Forests/EASAC_Forests_web_complete.pdf.EU
https://easac.eu/fileadmin/PDF_s/reports_statements/Forests/EASAC_Forests_web_complete.pdf.EU
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32003L0087
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32003L0087
https://easac.eu/fileadmin/PDF_s/reports_statements/Carbon_Neutrality/EASAC_commentary_on_Carbon_Neutrality_15_June_2018.pdf
https://easac.eu/fileadmin/PDF_s/reports_statements/Carbon_Neutrality/EASAC_commentary_on_Carbon_Neutrality_15_June_2018.pdf
https://easac.eu/fileadmin/PDF_s/reports_statements/Carbon_Neutrality/EASAC_commentary_on_Carbon_Neutrality_15_June_2018.pdf
https://easc.eu/fileadmin/PDF_s/reports_statements/Negative_Carbon/EASAC_Commentary_Forest_Bioenergy_Feb_2019_FINAL.pdf
https://easc.eu/fileadmin/PDF_s/reports_statements/Negative_Carbon/EASAC_Commentary_Forest_Bioenergy_Feb_2019_FINAL.pdf
https://easc.eu/fileadmin/PDF_s/reports_statements/Negative_Carbon/EASAC_Commentary_Forest_Bioenergy_Feb_2019_FINAL.pdf
https://www.fao.org/faostat
https://doi.org/10.4060/ca8642en
https://doi.org/10.4060/ca8642en
https://www.fao.org/faostat/en/#data/FO
https://www.fao.org/faostat/en/#data/FO
https://doi.org/10.1126/sciadv.aay6792
http://ec.europa.eu/environment/enveco/studies.htm#4
http://ec.europa.eu/environment/enveco/studies.htm#4
https://doi.org/10.1038/nenergy.2016.98
https://doi.org/10.1038/nenergy.2016.98
https://doi.org/10.1016/j.gloenvcha.2016.06.004
https://doi.org/10.1016/j.gloenvcha.2016.06.004


   | 341FUNK et al.

Fuss, S., Canadell, J. G., Peters, G. P., Tavoni, M., Andrew, R. M., 
Ciais, P., Jackson, R. B., Jones, C. D., Kraxner, F., Nakicenovic, 
N.,  Le  Quéré,  C.,  Raupach,  M.  R.,  Sharifi,  A.,  Smith,  P.,  & 
Yamagata,  Y.  (2014).  Betting  on  negative  emissions.  Nature 
Climate Change,  4(10),  850– 853.  https://doi.org/10.1038/
nclim ate2392

Gaulier, G., & Zignago, S. (2012). BACI: International trade database 
at  the product- level  (the 1994– 2007 version). SSRN Electronic 
Journal. https://doi.org/10.2139/ssrn.1994500

GFOI  (2020).  Integration of remote- sensing and ground- based ob-
servations for estimation of emissions and removals of green-
house gases in forests: Methods and Guidance from the Global 
Forest Observations Initiative  (3rd  ed.).  Food  and  Agriculture 
Organisation.

Giuntoli,  J.,  Searle,  S.,  Jonsson,  R.,  Agostini,  A.,  Robert,  N., 
Amaducci, S., Marelli, L., & Camia, A. (2020). Carbon account-
ing  of  bioenergy  and  forest  management  nexus.  A  reality- 
check  of  modeling  assumptions  and  expectations.  Renewable 
and Sustainable Energy Reviews,  134,  110368.  https://doi.
org/10.1016/j.rser.2020.110368

Grassi,  G.,  House,  J.,  Dentener,  F.,  Federici,  S.,  den  Elzen,  M.,  & 
Penman, J.  (2017). The key role of  forests  in meeting climate 
targets requires science for credible mitigation. Nature Climate 
Change, 7(3), 220– 226. https://doi.org/10.1038/nclim ate3227

Grassi,  G.,  Pilli,  R.,  House,  J.,  Federici,  S.,  &  Kurz,  W.  A.  (2018). 
Science- based approach  for credible accounting of mitigation 
in managed forests. Carbon Balance and Management, 13(1), 8. 
https://doi.org/10.1186/s1302 1- 018- 0096- 2

Greenglass,  N.,  Funk,  J.,  Chaum,  M.,  &  Houghton,  R.  A.  (2010). 
Fixing a flawed approach to forest accounting in the next round 
of  the  Kyoto  Protocol.  Carbon Management,  1(2),  179– 182. 
https://doi.org/10.4155/cmt.10.23

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., 
Miteva,  D.  A.,  Schlesinger, W.  H.,  Shoch,  D.,  Siikamäki,  J. V., 
Smith,  P., Woodbury,  P.,  Zganjar,  C.,  Blackman,  A.,  Campari, 
J.,  Conant,  R.  T.,  Delgado,  C.,  Elias,  P.,  Gopalakrishna,  T., 
Hamsik,  M.  R.,  …  Fargione,  J.  (2017).  Natural  climate  solu-
tions.  Proceedings of the National Academy of Sciences of the 
United States of America,  114(44),  11645– 11650.  https://doi.
org/10.1073/pnas.17104 65114

Gunn,  J.  S.,  Ganz,  D.  J.,  &  Keeton,  W.  S.  (2012).  Biogenic  vs. 
geologic  carbon  emissions  and  forest  biomass  energy 
production.  GCB Bioenergy,  4(3),  239– 242.  https://doi.
org/10.1111/j.1757- 1707.2011.01127.x

Gusti, M., Di Fulvio, F., Biber, P., Korosuo, A., & Forsell, N. (2020). 
The Effect of alternative forest management models on the for-
est harvest and emissions as compared to the forest reference 
level. Forests, 11(8). https://doi.org/10.3390/F1108 0794

Gusti,  M.,  &  Kindermann,  G.  (2011).  An  approach  to  modeling 
landuse  change  and  forest  management  on  a  global  scale. 
Proceedings of 1st International Conference on Simulation and 
Modeling Methodologies, Technologies and Applications, 180– 
185. https://doi.org/10.5220/00036 07501 800185

Haberl,  H.,  Sprinz,  D.,  Bonazountas,  M.,  Cocco,  P.,  Desaubies,  Y., 
Henze, M., Hertel, O., Johnson, R. K., Kastrup, U., Laconte, P., 
Lange, E., Novak, P., Paavola, J., Reenberg, A., van den Hove, S., 
Vermeire, T., Wadhams, P., & Searchinger, T. (2012). Correcting 
a  fundamental  error  in  greenhouse  gas  accounting  related  to 
bioenergy.  Energy Policy,  45,  18– 23.  https://doi.org/10.1016/j.
enpol.2012.02.051

Hagen,  S.,  Harris,  N.,  Saatchi,  S.  S.,  Pearson,  T.,  Woodall,  C.  W., 
Ganguly, S., Domke, G., Braswell, B. H., Walters, B. F., Jenkins, 
J. C., Brown, S., Salas, W. A., Fore, A., Yu, Y., Nemani, R. R., 
Ipsan,  C.,  &  Brown,  K.  R.  (2016).  CMS: Forest carbon stocks, 
emissions, and net flux for the conterminous US: 2005– 2010. 
ORNL DAAC. https://doi.org/10.3334/ORNLD AAC/1313

Harris,  N.  L.,  Gibbs,  D.  A.,  Baccini,  A.,  Birdsey,  R.  A.,  de  Bruin, 
S.,  Farina,  M.,  Fatoyinbo,  L.,  Hansen,  M.  C.,  Herold,  M., 
Houghton, R. A., Potapov, P. V., Suarez, D. R., Roman- Cuesta, 
R. M., Saatchi, S. S., Slay, C. M., Turubanova, S. A., & Tyukavina, 
A.  (2021).  Global  maps  of  twenty- first  century  forest  carbon 
fluxes.  Nature Climate Change,  11(3),  234– 240.  https://doi.
org/10.1038/s4155 8- 020- 00976 - 6

Harris, N. L., Hagen, S. C., Saatchi, S. S., Pearson, T. R. H., Woodall, 
C. W., Domke, G. M., Braswell, B. H., Walters, B. F., Brown, S., 
Salas, W., Fore, A., & Yu, Y. (2016). Attribution of net carbon 
change by disturbance type across forest lands of the contermi-
nous  United  States.  Carbon Balance and Management,  11(1). 
https://doi.org/10.1186/s1302 1- 016- 0066- 5

Havlík,  P.,  Schneider,  U.  A.,  Schmid,  E.,  Böttcher,  H.,  Fritz,  S., 
Skalský, R., Aoki, K., Cara, S. D., Kindermann, G., Kraxner, F., 
Leduc, S., McCallum, I., Mosnier, A., Sauer, T., & Obersteiner, 
M.  (2011).  Global  land- use  implications  of  first  and  second 
generation  biofuel  targets.  Energy Policy,  39(10),  5690– 5702. 
https://doi.org/10.1016/j.enpol.2010.03.030

Havlík, P., Valin, H., Herrero, M., Obersteiner, M., Schmid, E., Rufino, 
M.  C.,  Mosnier,  A., Thornton,  P.  K.,  Böttcher,  H.,  Conant,  R. 
T., Frank, S., Fritz, S., Fuss, S., Kraxner, F., & Notenbaert, A. 
(2014).  Climate  change  mitigation  through  livestock  system 
transitions. Proceedings of the National Academy of Sciences of 
the United States of America,  111(10),  3709– 3714.  https://doi.
org/10.1073/pnas.13080 44111

Herrero,  M.,  Havlík,  P.,  Valin,  H.,  Notenbaert,  A.,  Rufino,  M. 
C.,  Thornton,  P.  K.,  Blümmel,  M.,  Weiss,  F.,  Grace,  D.,  & 
Obersteiner,  M.  (2013).  Biomass  use,  production,  feed  effi-
ciencies,  and  greenhouse  gas  emissions  from  global  livestock 
systems. Proceedings of the National Academy of Sciences of the 
United States of America,  110(52),  20888– 20893.  https://doi.
org/10.1073/pnas.13081 49110

Hughes,  A.  C.  (2017).  Understanding  the  drivers  of  Southeast 
Asian  biodiversity  loss.  Ecosphere,  8(1),  e01624.  https://doi.
org/10.1002/ecs2.1624

Hummels,  D.  (1999).  Toward  a  geography  of  trade  costs.  GTAP 
Working Paper.  https://ideas.repec.org/p/gta/workp p/1162.
html

IIASA. (2020). SSP database. https://tntcat.iiasa.ac.at/SspDb
International Renewable Energy Agency (IRENA). (2020). Circular 

carbon  economy  report  05— Recycle:  Bioenergy.  [Report]. 
https://www.irena.org/publi catio ns/2020/Sep/Recyc le- Bioen 
ergy

IPCC. (1996). Revised 1996 IPCC guidelines for national greenhouse 
gas  inventories.  Volume  1:  Reporting  Instructions.  https://
www.ipcc- nggip.iges.or.jp/publi c/gl/invs1.html

IPCC.  (2018).  Summary  for  policymakers.  In V.  Masson- Delmotte, 
P.  Zhai,  H.- O.  Pörtner,  D.  Roberts,  J.  Skea,  P.  R.  Shukla,  A. 
Pirani, W.  Moufouma- Okia,  C.  Péan,  R.  Pidcock,  S.  Connors, 
J. B. R. Matthews, Y. Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. 
Maycock, M. Tignor, & T. Waterfield (Eds.), Global Warming of 
1.5°C. An IPCC Special Report on the impacts of global warming 
of 1.5°C above pre- industrial levels and related global greenhouse 

https://doi.org/10.1038/nclimate2392
https://doi.org/10.1038/nclimate2392
https://doi.org/10.2139/ssrn.1994500
https://doi.org/10.1016/j.rser.2020.110368
https://doi.org/10.1016/j.rser.2020.110368
https://doi.org/10.1038/nclimate3227
https://doi.org/10.1186/s13021-018-0096-2
https://doi.org/10.4155/cmt.10.23
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1111/j.1757-1707.2011.01127.x
https://doi.org/10.1111/j.1757-1707.2011.01127.x
https://doi.org/10.3390/F11080794
https://doi.org/10.5220/0003607501800185
https://doi.org/10.1016/j.enpol.2012.02.051
https://doi.org/10.1016/j.enpol.2012.02.051
https://doi.org/10.3334/ORNLDAAC/1313
https://doi.org/10.1038/s41558-020-00976-6
https://doi.org/10.1038/s41558-020-00976-6
https://doi.org/10.1186/s13021-016-0066-5
https://doi.org/10.1016/j.enpol.2010.03.030
https://doi.org/10.1073/pnas.1308044111
https://doi.org/10.1073/pnas.1308044111
https://doi.org/10.1073/pnas.1308149110
https://doi.org/10.1073/pnas.1308149110
https://doi.org/10.1002/ecs2.1624
https://doi.org/10.1002/ecs2.1624
https://ideas.repec.org/p/gta/workpp/1162.html
https://ideas.repec.org/p/gta/workpp/1162.html
https://tntcat.iiasa.ac.at/SspDb
https://www.irena.org/publications/2020/Sep/Recycle-Bioenergy
https://www.irena.org/publications/2020/Sep/Recycle-Bioenergy
https://www.ipcc-nggip.iges.or.jp/public/gl/invs1.html
https://www.ipcc-nggip.iges.or.jp/public/gl/invs1.html


342 |   FUNK et al.

gas emission pathways, in the context of strengthening the global 
response to the threat of climate change, sustainable develop-
ment, and efforts to eradicate poverty, in press.

IPCC.  (2019). Climate change and land: An IPCC special report on 
climate change, desertification, land degradation, sustainable 
land management, food security, and greenhouse gas fluxes in 
terrestrial ecosystems. P. R. Shukla,  J. Skea, E. Calvo Buendia, 
V. Masson- Delmotte, H.- O. Pörtner, D. C. Roberts, P. Zhai, R. 
Slade,  S.  Connors,  R.  van  Diemen,  M.  Ferrat,  E.  Haughey,  S. 
Luz, S. Neogi, M. Pathak, J. Petzold, J. Portugal Pereira, P. Vyas, 
E.  Huntley,  K.  Kissick,  M.  Belkacemi,  &  J.  Malley  (Eds.),  in 
press.

IPCC Climate Change. (2014). Synthesis report. Core Writing Team, 
R. K. Pachauri, & L. A. Meyer (Eds.). IPCC.

Janssens, C., Havlík, P., Krisztin, T., Baker, J., Frank, S., Hasegawa, 
T., Leclère, D., Ohrel, S., Ragnauth, S., Schmid, E., Valin, H., 
Van Lipzig, N., & Maertens, M. (2020). Global hunger and cli-
mate  change  adaptation  through  international  trade.  Nature 
Climate Change,  10,  829– 835.  https://doi.org/10.1038/s4155 
8- 020- 0847- 4

Jansson, T., & Heckelei, T.  (2009). A new estimator  for  trade costs 
and  its  small  sample  properties.  Economic Modelling,  26(2), 
489– 498. https://doi.org/10.1016/j.econm od.2008.10.002

Johnston, C. M. T., & Radeloff, V. C. (2019). Global mitigation poten-
tial of carbon stored in harvested wood products. Proceedings 
of the National Academy of Sciences of the United States of 
America,  116(29),  14526– 14531.  https://doi.org/10.1073/
pnas.19042 31116

Joint Research Centre  (JRC).  (2021). The use of woody biomass for 
energy production in the EU.  Publications  Office.  https://doi.
org/10.2760/831621

Kallio,  A.  M.  I.,  Solberg,  B.,  Käär,  L.,  &  Päivinen,  R.  (2018). 
Economic  impacts  of  setting  reference  levels  for  the  forest 
carbon  sinks  in  the  EU  on  the  European  forest  sector.  Forest 
Policy and Economics,  92,  193– 201.  https://doi.org/10.1016/j.
forpol.2018.04.010

Kim, S. J., Baker, J. S., Sohngen, B. L., & Shell, M. (2018). Cumulative 
global forest carbon implications of regional bioenergy expan-
sion  policies.  Resource and Energy Economics,  53,  198– 219. 
https://doi.org/10.1016/j.resen eeco.2018.04.003

Kindermann,  G.,  Obersteiner,  M.,  Sohngen,  B.,  Sathaye,  J., 
Andrasko, K., Rametsteiner, E., Schlamadinger, B., Wunder, 
S., & Beach, R. (2008). Global cost estimates of reducing car-
bon  emissions  through  avoided  deforestation.  Proceedings 
of the National Academy of Sciences of the United States of 
America,  105(30),  10302– 10307.  https://doi.org/10.1073/
pnas.07106 16105

Kittler,  B.,  Stupak,  I.,  &  Smith,  C.  T.  (2020).  Assessing  the  wood 
sourcing practices of the U.S. industrial wood pellet industry 
supplying  european  energy  demand.  Energy, Sustainability 
and Society,  10(1),  1– 17.  https://doi.org/10.1186/s1370 5- 020- 
00255 - 4

Krug,  J.  H.  A.  (2018).  Accounting  of  GHG  emissions  and  remov-
als  from  forest  management:  A  long  road  from  Kyoto  to 
Paris.  Carbon Balance and Management,  13(1),  https://doi.
org/10.1186/s1302 1- 017- 0089- 6

Krug, T., Tanabe, K., Srivastava, N., Jamsranjav, B., Fukuda, M., & 
Troxler,  T.  (2014).  2013 Revised supplementary methods and 

good practice guidance arising from the kyoto protocol.  In  T. 
Hiraishi (Ed.), Intergovernmental Panel on Climate Change.

Lamers,  P.,  &  Junginger,  M.  (2013).  The  ‘debt’  is  in  the  detail:  A 
synthesis of recent temporal forest carbon analyses on woody 
biomass for energy. Biofuels, Bioproducts and Biorefining, 7(4), 
373– 385. https://doi.org/10.1002/bbb.1407

Lark, T. J., Meghan Salmon, J., & Gibbs, H. K. (2015). Cropland ex-
pansion outpaces agricultural and biofuel policies in the United 
States.  Environmental Research Letters,  10(4),  044003. https://
doi.org/10.1088/1748- 9326/10/4/044003

Lauri,  P.,  Forsell,  N.,  Di  Fulvio,  F.,  Snäll,  T.,  &  Havlik,  P.  (2021). 
Material substitution between coniferous, non- coniferous and 
recycled biomass— Impacts on forest industry raw material use 
and regional competitiveness. Forest Policy and Economics, 132, 
102588. https://doi.org/10.1016/j.forpol.2021.102588

Lauri,  P.,  Forsell,  N.,  Gusti,  M.,  Korosuo,  A.,  Havlík,  P.,  & 
Obersteiner,  M.  (2019).  Global  woody  biomass  harvest  vol-
umes  and  forest  area  use  under  different  SSP- RCP  scenarios. 
Journal of Forest Economics,  34(3– 4),  285– 309.  https://doi.
org/10.1561/112.00000504

Lauri,  P.,  Forsell,  N.,  Korosuo,  A.,  Havlík,  P.,  Obersteiner,  M.,  & 
Nordin, A. (2017). Impact of  the 2 °C target on global woody 
biomass  use.  Forest Policy and Economics,  83(January),  121– 
130. https://doi.org/10.1016/j.forpol.2017.07.005

Lauri,  P.,  Havlík,  P.,  Kindermann,  G.,  Forsell,  N.,  Böttcher,  H., 
&  Obersteiner,  M.  (2014).  Woody  biomass  energy  potential 
in  2050.  Energy Policy,  66,  19– 31.  https://doi.org/10.1016/j.
enpol.2013.11.033

Leclère,  D.,  Havlík,  P.,  Fuss,  S.,  Schmid,  E.,  Mosnier,  A.,  Walsh, 
B.,  Valin,  H.,  Herrero,  M.,  Khabarov,  N.,  &  Obersteiner,  M. 
(2014).  Climate  change  induced  transformations  of  agricul-
tural  systems:  Insights  from  a  global  model.  Environmental 
Research Letters,  9(12),  124018.  https://doi.org/10.1088/174
8- 9326/9/12/124018

Lindstrom,  P.  (2006).  Personal communication.  Perry  Lindstrom, 
Energy  Information  Administration  and  Jean  Kim,  ICF 
International.

Mendelsohn,  R.,  &  Sohngen,  B.  (2019).  The  net  carbon  emis-
sions  from  historic  land  use  and  land  use  change.  Journal 
of Forest Economics,  34(3– 4),  263– 283.  https://doi.
org/10.1561/112.00000505

Miettinen,  J.,  Hooijer,  A.,  Vernimmen,  R.,  Liew,  S.  C.,  &  Page, 
S.  E.  (2017).  From  carbon  sink  to  carbon  source:  Extensive 
peat  oxidation  in  insular  Southeast  Asia  since  1990. 
Environmental Research Letters,  12(2),  024014.  https://doi.
org/10.1088/1748- 9326/aa5b6f

Miner, R. A., Abt, R. C., Bowyer, J. L., Buford, M. A., Malmsheimer, 
R. W., O’Laughlin, J., Oneil, E. E., Sedjo, R. A., & Skog, K. E. 
(2014). Forest carbon accounting considerations  in US bioen-
ergy  policy.  Journal of Forestry,  112(16),  591– 606.  https://doi.
org/10.5849/jof.14- 009

Morland, C., Schier, F., Janzen, N., & Weimar, H. (2018). Supply and 
demand functions for global wood markets: Specification and 
plausibility testing of econometric models within the global for-
est sector. Forest Policy and Economics, 92, 92– 105. https://doi.
org/10.1016/j.forpol.2018.04.003

Mosnier, A. (2014). Tracking indirect effects of climate change mitiga-
tion and adaptation strategies in agriculture and land use change 

https://doi.org/10.1038/s41558-020-0847-4
https://doi.org/10.1038/s41558-020-0847-4
https://doi.org/10.1016/j.econmod.2008.10.002
https://doi.org/10.1073/pnas.1904231116
https://doi.org/10.1073/pnas.1904231116
https://doi.org/10.2760/831621
https://doi.org/10.2760/831621
https://doi.org/10.1016/j.forpol.2018.04.010
https://doi.org/10.1016/j.forpol.2018.04.010
https://doi.org/10.1016/j.reseneeco.2018.04.003
https://doi.org/10.1073/pnas.0710616105
https://doi.org/10.1073/pnas.0710616105
https://doi.org/10.1186/s13705-020-00255-4
https://doi.org/10.1186/s13705-020-00255-4
https://doi.org/10.1186/s13021-017-0089-6
https://doi.org/10.1186/s13021-017-0089-6
https://doi.org/10.1002/bbb.1407
https://doi.org/10.1088/1748-9326/10/4/044003
https://doi.org/10.1088/1748-9326/10/4/044003
https://doi.org/10.1016/j.forpol.2021.102588
https://doi.org/10.1561/112.00000504
https://doi.org/10.1561/112.00000504
https://doi.org/10.1016/j.forpol.2017.07.005
https://doi.org/10.1016/j.enpol.2013.11.033
https://doi.org/10.1016/j.enpol.2013.11.033
https://doi.org/10.1088/1748-9326/9/12/124018
https://doi.org/10.1088/1748-9326/9/12/124018
https://doi.org/10.1561/112.00000505
https://doi.org/10.1561/112.00000505
https://doi.org/10.1088/1748-9326/aa5b6f
https://doi.org/10.1088/1748-9326/aa5b6f
https://doi.org/10.5849/jof.14-009
https://doi.org/10.5849/jof.14-009
https://doi.org/10.1016/j.forpol.2018.04.003
https://doi.org/10.1016/j.forpol.2018.04.003


   | 343FUNK et al.

with a bottom- up global partial equilibrium model by  (Issue 
March). University of Natural Resources and Life Sciences.

Moss, R. H., Edmonds, J. A., Hibbard, K. A., Manning, M. R., Rose, 
S. K., van Vuuren, D. P., Carter, T. R., Emori, S., Kainuma, M., 
Kram, T., Meehl, G. A., Mitchell, J. F. B., Nakicenovic, N., Riahi, 
K., Smith, S. J., Stouffer, R. J., Thomson, A. M., Weyant, J. P., 
& Wilbanks, T. J. (2010). The next generation of scenarios for 
climate  change  research  and  assessment.  Nature,  463(7282), 
747– 756. https://doi.org/10.1038/natur e08823

Nabuurs,  G.  J.,  Lindner,  M.,  Verkerk,  P.  J.,  Gunia,  K.,  Deda,  P., 
Michalak,  R.,  &  Grassi,  G.  (2013).  First  signs  of  carbon  sink 
saturation in European forest biomass. Nature Climate Change, 
3(9), 792– 796. https://doi.org/10.1038/nclim ate1853

Nepal,  P.,  Wear,  D.  N.,  &  Skog,  K.  E.  (2015).  Net  change  in  car-
bon emissions with  increased wood energy use  in the United 
States.  GCB Bioenergy,  7(4),  820– 835.  https://doi.org/10.1111/
gcbb.12193

Norton,  M.,  Baldi,  A.,  Buda, V.,  Carli,  B.,  Cudlin,  P.,  Jones,  M.  B., 
Korhola,  A.,  Michalski,  R.,  Novo,  F.,  Oszlányi,  J.,  Santos,  F. 
D., Schink, B., Shepherd, J., Vet, L., Walloe, L., & Wijkman, A. 
(2019). Serious mismatches continue between science and pol-
icy in forest bioenergy. GCB Bioenergy, 11, 1256– 1263. https://
doi.org/10.1111/gcbb.12643

Nowak, D. J., & Walton, J. T. (2005). Projected urban growth (2000– 
2050)  and  its  estimated  impact  on  the  US  forest  resource. 
Journal of Forestry, 103(8), 383– 389.

O’Neill, B. C., Kriegler, E., Ebi, K. L., Kemp- Benedict, E., Riahi, K., 
Rothman, D. S., van Ruijven, B. J., van Vuuren, D. P., Birkmann, 
J.,  Kok,  K.,  Levy,  M.,  &  Solecki, W.  (2017). The  roads  ahead: 
Narratives for shared socioeconomic pathways describing world 
futures in the 21st century. Global Environmental Change, 42, 
169– 180. https://doi.org/10.1016/j.gloen vcha.2015.01.004

O’Neill, B. C., Kriegler, E., Riahi, K., Ebi, K. L., Hallegatte, S., Carter, 
T. R., Mathur, R., & van Vuuren, D. P. (2014). A new scenario 
framework for climate change research: The concept of shared 
socioeconomic  pathways.  Climatic Change,  122(3),  387– 400. 
https://doi.org/10.1007/s1058 4- 013- 0905- 2

Oswalt,  S.  N.,  Smith,  W.  B.,  Miles,  P.  D.,  &  Pugh,  S.  A.  (2014). 
Forest Resources of  the United States, 2012: A  technical doc-
ument  supporting  the Forest Service 2010 update of  the RPA 
Assessment.  In  Gen. Tech. Rep. WO- 91. Washington, DC: U.S. 
Department of Agriculture, Forest Service, Washington Office. 91, 
218 p. https://doi.org/10.2737/WO- GTR- 91

Oswalt, S. N., Smith, W. B., Miles, P. D., & Pugh, S. A. (2019). Forest 
resources of the United States, 2017. In Gen. Tech. Rep. WO- 97. 
Washington, DC: U.S. Department of Agriculture, Forest Service, 
Washington Office, 97. https://doi.org/10.2737/WO- GTR- 97

Page, S. E., & Hooijer, A. (2016).  In the  line of  fire: The peatlands 
of  Southeast  Asia.  Philosophical Transactions of the Royal 
Society B: Biological Sciences, 371(1696), 20150176– https://doi.
org/10.1098/rstb.2015.0176

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, 
W. A., Phillips, O. L., Shvidenko, A., Lewis, S. L., Canadell, J. 
G., Ciais, P., Jackson, R. B., Pacala, S. W., McGuire, A. D., Piao, 
S.,  Rautiainen,  A.,  Sitch,  S.,  &  Hayes,  D.  (2011).  A  large  and 
persistent carbon sink in the world’s forests. Science, 333(6045), 
988– 993. https://doi.org/10.1126/scien ce.1201609

Pendrill, F., Persson, U. M., Godar, J., & Kastner, T. (2019). Deforestation 
displaced: Trade in forest- risk commodities and the prospects 

for  a  global  forest  transition.  Environmental Research Letters, 
14(5), 055003. https://doi.org/10.1088/1748- 9326/ab0d41

Pörtner, H. O., Scholes, R. J., Agard, J., Archer, E., Arneth, A., Bai, 
X., Barnes, D., Burrows, M., Chan, L., Cheung, W. L., Diamond, 
S., Donatti, C., Duarte, C., Eisenhauer, N., Foden, W., Gasalla, 
M. A., Handa, C., Hickler, T., Hoegh- Guldberg, O. N., … Ngo, 
H.  T.  (2021).  IPBES- IPCC co- sponsored workshop report on 
biodiversity and climate change.  IPBES and  IPCC. https://doi.
org/10.5281/zenodo.4782538

Potapov,  P.  V.,  Turubanova,  S.  A.,  Tyukavina,  A.,  Krylov,  A.  M., 
McCarty, J. L., Radeloff, V. C., & Hansen, M. C. (2015). Eastern 
Europe's  forest  cover  dynamics  from  1985  to  2012  quantified 
from the full Landsat archive. Remote Sensing of Environment, 
159(2015), 28– 43. https://www.scien cedir ect.com/scien ce/artic 
le/abs/pii/S0034 42571 4004817

Prestemon,  J.  P.,  Shankar,  U.,  Xiu,  A.,  Talgo,  K.,  Yang,  D.,  Dixon, 
E.,  Mckenzie,  D.,  &  Abt,  K.  L.  (2016).  Projecting  wildfire 
area  burned  in  the  south- eastern  United  States,  2011– 60. 
International Journal of Wildland Fire, 25(7), 715– 729. https://
doi.org/10.1071/WF15124

Prisley,  S.  P.,  Gaudreault,  C.,  Lamers,  P.,  Stewart,  W.,  Miner,  R., 
Junginger,  H.  M.,  Oneil,  E.,  Malmsheimer,  R.,  &  Volk,  T.  A. 
(2018).  Comment  on  “Does  replacing  coal  with  wood  lower 
CO  2  emissions?  Dynamic  lifecycle  analysis  of  wood  bioen-
ergy”.  Environmental Research Letters,  13(12).  https://doi.
org/10.1088/1748- 9326/aaf203

Pugh,  T.  A.  M.,  Lindeskog,  M.,  Smith,  B.,  Poulter,  B.,  Arneth,  A., 
Haverd, V.,  &  Calle,  L.  (2019). The  role  of  forest  regrowth  in 
global  carbon  sink  dynamics.  Proceedings of the National 
Academy of Sciences of the United States of America,  116(10), 
4382– 4387. https://doi.org/10.1073/pnas.18105 12116

Reid, W. V., Ali, M. K., & Field, C. B. (2020). The future of bioenergy. 
Global Change Biology, 26(1), 274– 286. https://doi.org/10.1111/
gcb.14883

Riahi,  K.,  van Vuuren,  D.  P.,  Kriegler,  E.,  Edmonds,  J.,  O’Neill,  B. 
C., Fujimori, S., Bauer, N., Calvin, K., Dellink, R., Fricko, O., 
Lutz, W., Popp, A., Cuaresma, J. C., Kc, S., Leimbach, M., Jiang, 
L., Kram, T., Rao, S., Emmerling, J., … Tavoni, M. (2017). The 
Shared Socioeconomic Pathways and their energy, land use, and 
greenhouse  gas  emissions  implications:  An  overview.  Global 
Environmental Change, 42, 153– 168. https://doi.org/10.1016/j.
gloen vcha.2016.05.009

Röder,  M.,  Whittaker,  C.,  &  Thornley,  P.  (2015).  How  certain  are 
greenhouse  gas  reductions  from  bioenergy?  Life  cycle  assess-
ment  and  uncertainty  analysis  of  wood  pellet- to- electricity 
supply chains from forest residues. Biomass and Bioenergy, 79, 
50– 63. https://doi.org/10.1016/j.biomb ioe.2015.03.030

Roe, S., Streck, C., Obersteiner, M., Frank, S., Griscom, B., Drouet, 
L., Fricko, O., Gusti, M., Harris, N., Hasegawa, T., Hausfather, 
Z., Havlík, P., House, J. O., Nabuurs, G.- J., Popp, A., Sánchez, 
M. J. S., Sanderman, J., Smith, P., Stehfest, E., & Lawrence, D. 
(2019). Contribution of the land sector to a 1.5°C World. Nature 
Climate Change, 9(11), 817– 828. https://doi.org/10.1038/s4155 
8- 019- 0591- 9

Rogelj,  J.,  Popp,  A.,  Calvin,  K.  V.,  Luderer,  G.,  Emmerling,  J., 
Gernaat, D., Fujimori, S., Strefler, J., Hasegawa, T., Marangoni, 
G., Krey, V., Kriegler, E., Riahi, K., van Vuuren, D. P., Doelman, 
J., Drouet, L., Edmonds, J., Fricko, O., Harmsen, M., … Tavoni, 
M. (2018). Scenarios towards limiting global mean temperature 

https://doi.org/10.1038/nature08823
https://doi.org/10.1038/nclimate1853
https://doi.org/10.1111/gcbb.12193
https://doi.org/10.1111/gcbb.12193
https://doi.org/10.1111/gcbb.12643
https://doi.org/10.1111/gcbb.12643
https://doi.org/10.1016/j.gloenvcha.2015.01.004
https://doi.org/10.1007/s10584-013-0905-2
https://doi.org/10.2737/WO-GTR-91
https://doi.org/10.2737/WO-GTR-97
https://doi.org/10.1098/rstb.2015.0176
https://doi.org/10.1098/rstb.2015.0176
https://doi.org/10.1126/science.1201609
https://doi.org/10.1088/1748-9326/ab0d41
https://doi.org/10.5281/zenodo.4782538
https://doi.org/10.5281/zenodo.4782538
https://www.sciencedirect.com/science/article/abs/pii/S0034425714004817
https://www.sciencedirect.com/science/article/abs/pii/S0034425714004817
https://doi.org/10.1071/WF15124
https://doi.org/10.1071/WF15124
https://doi.org/10.1088/1748-9326/aaf203
https://doi.org/10.1088/1748-9326/aaf203
https://doi.org/10.1073/pnas.1810512116
https://doi.org/10.1111/gcb.14883
https://doi.org/10.1111/gcb.14883
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.biombioe.2015.03.030
https://doi.org/10.1038/s41558-019-0591-9
https://doi.org/10.1038/s41558-019-0591-9


344 |   FUNK et al.

increase below 1.5 °C. Nature Climate Change, 8(4), 325– 332. 
https://doi.org/10.1038/s4155 8- 018- 0091- 3

Rüter, S., Matthews, R. W., Lundblad, M., Sato, A., & Hassan, R. A. 
(2019). Harvested wood products. 2019 Refinement to the 2006 
IPCC Guidelines for National Greenhouse Gas Inventories, 1– 33.

Sato, A., & Nojiri, Y. (2019). Assessing the contribution of harvested 
wood products under greenhouse gas estimation: Accounting 
under  the  Paris  Agreement  and  the  potential  for  double- 
counting  among  the  choice  approaches.  Carbon Balance 
and Management,  14,  15.  https://doi.org/10.1186/s1302 
1- 019- 0129- 5

Schulze,  E.  D.,  Körner,  C.,  Law,  B.  E.,  Haberl,  H.,  &  Luyssaert, 
S.  (2012).  Large- scale  bioenergy  from  additional  harvest 
of  forest  biomass  is  neither  sustainable  nor  greenhouse 
gas  neutral.  GCB Bioenergy,  4(6),  611– 616.  https://doi.
org/10.1111/j.1757- 1707.2012.01169.x

Searchinger,  T.  D.,  Beringer,  T.,  Holtsmark,  B.,  Kammen,  D.  M., 
Lambin, E. F., Lucht, W., Raven, P., & van Ypersele, J.- P. (2018). 
Europe’s renewable energy directive poised to harm global for-
ests. Nature Communications, 9, 3741. https://doi.org/10.1038/
s4146 7- 018- 06175 - 4

Searchinger, T. D., Hamburg, S. P., Melillo, J., Chameides, W., Havlik, 
P., Kammen, D. M., Likens, G. E., Lubowski, R. N., Obersteiner, 
M., Oppenheimer, M., Philip Robertson, G., Schlesinger, W. H., 
&  David Tilman,  G.  (2009).  Fixing  a  critical  climate  account-
ing error. Science, 326(5952), 527– 528. https://doi.org/10.1126/
scien ce.1178797

Seidl,  R., Thom,  D.,  Kautz,  M.,  Martin- Benito,  D.,  Peltoniemi,  M., 
Vacchiano,  G.,  Wild,  J.,  Ascoli,  D.,  Petr,  M.,  Honkaniemi,  J., 
Lexer, M. J., Trotsiuk, V., Mairota, P., Svoboda, M., Fabrika, M., 
Nagel, T. A., & Reyer, C. P. O. (2017). Forest disturbances under 
climate change. Nature Climate Change, 7(6), 395– 402. https://
doi.org/10.1038/nclim ate3303

Smith,  M.,  Smit,  T.,  &  Gardiner,  A.  (2019).  Financial support for 
electricity generation and CHP from solid biomass. Trinomics. 
http://trino mics.eu/wp- conte nt/uploa ds/2019/11/Trino mics- 
EU- bioma ss- subsi dies- final - repor t- 28nov 2019.pdf

Smith,  P.,  Bustamante,  M.,  Ahammad,  H.,  Clark,  H.,  Dong,  H., 
Elsiddig, E. A., Haberl, H., Harper, R., House, J. I., Jafari, M., 
Masera, O., Mbow, C., Ravindranath, N. H., Rice, C. W., Abad, 
C. R., Romanovskaya, A., Sperling, F., & Tubiello, F. N. (2014). 
Agriculture, forestry and other land use (AFOLU).  Cambridge 
University Press. http://mitig ation 2014.org/

Smith, P., Soussana, J., Angers, D., Schipper, L., Chenu, C., Rasse, 
D.  P.,  Batjes,  N.  H.,  Egmond,  F.,  McNeill,  S.,  Kuhnert,  M., 
Arias- Navarro,  C.,  Olesen,  J.  E.,  Chirinda,  N.,  Fornara,  D., 
Wollenberg,  E.,  Álvaro- Fuentes,  J.,  Sanz- Cobena,  A.,  & 
Klumpp,  K.  (2019).  How  to  measure,  report  and  verify  soil 
carbon change to realize the potential of soil carbon seques-
tration  for  atmospheric  greenhouse  gas  removal.  Global 
Change Biology,  26(1),  219– 241.  https://doi.org/10.1111/
gcb.14815

Sterman, J. D., Siegel, L., & Rooney- Varga, J. N.  (2018). Does re-
placing coal with wood lower CO 2 emissions? Dynamic life-
cycle  analysis  of  wood  bioenergy.  Environmental Research 
Letters,  13(1),  015007.  https://doi.org/10.1088/1748- 9326/
aaa512

Takayama, T., & Judge, G. G. (1971). Spatial and temporal price and 
allocation models. North- Holland Publishing Company.

Ter- Mikaelian, M. T., Colombo, S. J., & Chen, J. (2015). The burning 
question: Does forest bioenergy reduce carbon emissions? A re-
view of common misconceptions about forest carbon account-
ing. Journal of Forestry, 113(1), 57– 68. https://doi.org/10.5849/
jof.14- 016

Thrän,  D.,  Schaubach,  K.,  Peetz,  D.,  Junginger,  M.,  Mai- Moulin, 
T.,  Schipfer,  F.,  Olsson,  O.,  &  Lamers,  P.  (2019). The  dynam-
ics of the global wood pellet markets and trade— Key regions, 
developments  and  impact  factors.  Biofuels, Bioproducts and 
Biorefining, 13(2), 267– 280. https://doi.org/10.1002/bbb.1910

Tian, X., Sohngen, B., Baker, J., Ohrel, S., & Fawcett, A. A. (2018). 
Will U.S. forests continue to be a carbon sink? Land Economics, 
94, 97– 113. https://doi.org/10.3368/le.94.1.97

Tun, Juchelkova, Win, Thu, & Puchor. (2019). Biomass energy: An 
overview  of  biomass  sources,  energy  potential,  and  manage-
ment in southeast Asian countries. Resources, 8, 81. https://doi.
org/10.3390/resou rces8 020081

U.S. Department of Energy, Energy Information Administration (US 
EIA). (2020). Independent statistics & analysis. Monthly densi-
fied biomass fuel report (2020). https://www.eia.gov/biofu els/
bioma ss/#table_data

U.S. EPA (U.S. Environmental Protection Agency). (2021). Inventory 
of  U.S.  greenhouse  gas  emissions  and  sinks:  1990– 2019.  EPA 
430- R- 21- 005.  www.epa.gov/ghgem issio ns/inven tory- us- green 
house - gas- emiss ions- and- sinks

U.S.  EPA.  (2020).  Inventory  of  US  greenhouse  gas  emissions  and 
sinks:  1990- 2018.  United  States  Environmental  Protection 
Agency  Report  EPA  430- R- 20- 002.  733  pp.  https://www.epa.
gov/sites/ defau lt/files/ 2020- 04/docum ents/us- ghg- inven tory- 
2020- main- text.pdf

UNFCCC.  (2003).  Estimation,  reporting,  and  accounting  of  har-
vested  wood  products.  Technical  paper.  FCCC/TP/2003/7. 
https://unfccc.int/sites/ defau lt/files/ resou rce/docs/tp/tp0307.
pdf

UNFCCC.  (2012).  Decision  2/CMP.7:  Land  use,  land- use  change 
and  forestry.  https://unfccc.int/resou rce/docs/2011/cmp7/en-
g/10a01.pdf

USGCRP.  (2018).  Impacts, risks, and adaptation in the United 
States: Fourth national climate assessment, Volume II. In D. R. 
Reidmiller, C. W. Avery, D. R. Easterling, K. E. Kunkel, K. L. 
M.  Lewis, T.  K.  Maycock,  &  B.  C.  Stewart  (Eds.),  U.S.  Global 
Change  Research  Program,1515  pp.  https://doi.org/10.7930/
NCA4.2018

Van Vuuren, D. P., Riahi, K., Moss, R., Edmonds, J., Thomson, A., 
Nakicenovic,  N.,  Kram, T.,  Berkhout,  F.,  Swart,  R.,  Janetos, 
A., Rose, S. K., & Arnell, N. (2012). A proposal for a new sce-
nario framework to support research and assessment in dif-
ferent climate  research communities. Global Environmental 
Change,  22(1),  21– 35.  https://doi.org/10.1016/j.gloen 
vcha.2011.08.002

Walker,  T.,  Cardellichio,  P.,  Gunn,  J.  S.,  Saah,  D.,  &  Hagan,  J. 
M.  (2013).  Carbon  accounting  for  woody  biomass  from 
Massachusetts (USA) managed forests: A framework for deter-
mining the temporal impacts of wood biomass energy on atmo-
spheric greenhouse gas levels. Journal of Sustainable Forestry, 
32(1– 2), 130– 158.

Wear, D. N., & Coulston, J. W. (2015). From sink to source: Regional 
variation in U.S. forest carbon futures. Scientific Reports, 5(1), 
16518. https://doi.org/10.1038/srep1 6518

https://doi.org/10.1038/s41558-018-0091-3
https://doi.org/10.1186/s13021-019-0129-5
https://doi.org/10.1186/s13021-019-0129-5
https://doi.org/10.1111/j.1757-1707.2012.01169.x
https://doi.org/10.1111/j.1757-1707.2012.01169.x
https://doi.org/10.1038/s41467-018-06175-4
https://doi.org/10.1038/s41467-018-06175-4
https://doi.org/10.1126/science.1178797
https://doi.org/10.1126/science.1178797
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1038/nclimate3303
http://trinomics.eu/wp-content/uploads/2019/11/Trinomics-EU-biomass-subsidies-final-report-28nov2019.pdf
http://trinomics.eu/wp-content/uploads/2019/11/Trinomics-EU-biomass-subsidies-final-report-28nov2019.pdf
http://mitigation2014.org/
https://doi.org/10.1111/gcb.14815
https://doi.org/10.1111/gcb.14815
https://doi.org/10.1088/1748-9326/aaa512
https://doi.org/10.1088/1748-9326/aaa512
https://doi.org/10.5849/jof.14-016
https://doi.org/10.5849/jof.14-016
https://doi.org/10.1002/bbb.1910
https://doi.org/10.3368/le.94.1.97
https://doi.org/10.3390/resources8020081
https://doi.org/10.3390/resources8020081
https://www.eia.gov/biofuels/biomass/#table_data
https://www.eia.gov/biofuels/biomass/#table_data
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.epa.gov/sites/default/files/2020-04/documents/us-ghg-inventory-2020-main-text.pdf
https://www.epa.gov/sites/default/files/2020-04/documents/us-ghg-inventory-2020-main-text.pdf
https://www.epa.gov/sites/default/files/2020-04/documents/us-ghg-inventory-2020-main-text.pdf
https://unfccc.int/sites/default/files/resource/docs/tp/tp0307.pdf
https://unfccc.int/sites/default/files/resource/docs/tp/tp0307.pdf
https://unfccc.int/resource/docs/2011/cmp7/eng/10a01.pdf
https://unfccc.int/resource/docs/2011/cmp7/eng/10a01.pdf
https://doi.org/10.7930/NCA4.2018
https://doi.org/10.7930/NCA4.2018
https://doi.org/10.1016/j.gloenvcha.2011.08.002
https://doi.org/10.1016/j.gloenvcha.2011.08.002
https://doi.org/10.1038/srep16518


   | 345FUNK et al.

Wear,  D.  N.,  &  Greis,  J.  G.  (2002).  Southern  forest  resource 
assessment— Summary of findings. Journal of Forestry, 100(7).

Williams,  C.  A.,  Gu,  H.,  MacLean,  R.,  Masek,  J.  G.,  &  Collatz,  G. 
J. (2016). Disturbance and the carbon balance of US forests: A 
quantitative review of impacts from harvests, fires, insects, and 
droughts. Global and Planetary Change, 143, 66– 68. https://doi.
org/10.1016/j.glopl acha.2016.06.002

SUPPORTING INFORMATION
Additional  supporting  information  may  be  found  in  the 
online version of the article at the publisher’s website.

How to cite this article: Funk, J. M., Forsell, N., 
Gunn, J. S., & Burns, D. N. (2022). Assessing the 
potential for unaccounted emissions from 
bioenergy and the implications for forests: The 
United States and global. GCB Bioenergy, 14, 
322– 345. https://doi.org/10.1111/gcbb.12912

https://doi.org/10.1016/j.gloplacha.2016.06.002
https://doi.org/10.1016/j.gloplacha.2016.06.002
https://doi.org/10.1111/gcbb.12912

