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Introduction

The evidence demonstrating the progres-
sion of global climate change (CC) is com-
prehensive and the phenomenon is widely
accepted in the scientific community. An-
thropogenic greenhouse gas (GHG) emis-
sions are a significant factor contributing
to CC (IPCC 2022). The gas making up the
greatest share of GHGs emitted by human
activities is CO,. According to data ob-
tained in 2020, the amount of CO, emitted
globally is 32,018 million tons (UNFCCC
2020, BP 2021); as of February 2022, the
mean concentration of CO, in the atmos-
phere has reached 417.81 parts per million
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The exploitation of forest biomass for bioenergy is commonly perceived as
part of a broad strategy for climate change mitigation due to the view that for-
est biomass is carbon neutral. The aims of this study are to distinguish the
most widely used definition of carbon neutrality and to identify the most fre-
quently discussed aspects of the concept of carbon neutrality. This research is
conducted in the form of a scoping review. The results of the scoping review
demonstrated that there is no generally accepted definition of carbon neutral-
ity. Eight main concepts of carbon neutrality were identified. The most fre-
quently discussed aspects of the carbon neutrality concept were temporal and
spatial boundaries, scenario-based assumptions, and the source of biomass
feedstock. This research provides a comprehensive summary of the concept of
carbon neutrality and contributes to the debate regarding forest biomass ex-

ploitation for bioenergy.
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(NOAA 2022). The Intergovernmental Panel
on Climate Change (IPCC) acknowledges
that “human influence on the climate sys-
tem is clear, and recent anthropogenic
emissions of greenhouse gases are the
highest in history” (IPCC 2014). The global
nature of climate change necessitates that
the solutions for this problem be achieved
through common efforts. For this purpose,
many international scientific conferences
and political conventions are focused on
establishing international cooperation and
drafting agreements dedicated to climate
change mitigation. The IPCC is an example
of such cooperation - a coalition dedicated
to assessing the science related to climate
change, established by the World Meteoro-
logical Organization and the United Na-
tions Environment Programme. Further-
more, there are numerous international
agreements dedicated to developing the
policy mechanism for climate change miti-
gation such as those led by the United Na-
tions Framework Convention on Climate
Change (UNFCCC) - the Kyoto Protocol
and the Paris Agreement. The Paris Agree-
ment set the ultimate goal of keeping
global average temperature increase be-
low 2 °C above pre-industrial levels, while
also pursuing efforts to limit the tempera-
ture increase to 1.5 °C (UNFCCC 2022). The
European Council has developed several
targets for climate change mitigation that
should have been achieved by 2020. These
targets included reducing GHG emissions
to at least 20% below 1990 levels, improv-
ing energy efficiency to achieve a 20% re-
duction in primary energy use compared
with projected levels, and increasing the
share of renewable energy sources to 20%
of EU final energy production (Agostini et
al. 2014).

Bioenergy is considered to be a part of
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the portfolio of solutions to combat cli-
mate change. For example, the Renewable
Energy Directive Il (EC 2018), the successor
to the original version (EC 2009), is a major
European Union directive that promotes
the use of energy from biomass and other
renewable energy sources. The overall tar-
get of the Renewable Energy Directive Il
(RED 1) is to increase renewable energy to
32% of EU energy consumption by 2030. En-
ergy derived from biomass is the largest re-
newable energy source utilized to meet
the above-mentioned targets in Europe
(Berndes et al. 2016). A large share of bio-
energy is derived from forest biomass. A
popular point of view has been that forest
biomass was a perfect substitute for fossil
fuels due to its renewability and carbon
neutrality (CN). Recently, however, the
perception of carbon neutrality has been
questioned within the scientific community
(Norton et al. 2019). In the past decade,
many studies have been published regard-
ing the issue of carbon neutrality of forest
biomass and the debate over this topic is
far from over.

The current study investigates the prob-
lem of the carbon neutrality of forest bio-
mass and contributes to the developing
discussion. This research is conducted in
the form of a scoping review, with the ob-
jectives of distinguishing the most widely
used definition of carbon neutrality and
identifying the most frequently discussed
aspects of the carbon neutrality concept.

Methods

This study uses the scoping review ap-
proach, which describes existing literature
and includes findings from a range of dif-
ferent study designs and methods. A scop-
ing review is suitable for identifying and an-
alyzing knowledge gaps, for clarifying gen-
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eral concepts and definitions in the litera-
ture, and for identifying key topics within a
field of research (Munn et al. 2018). In this
review, we utilized a framework that was
originally introduced by Arksey & O’Malley
(2005), included recommendations from
Preferred Reporting Items for Systematic
Reviews and Meta-Analyses extension for
scoping reviews (Tricco et al. 2018), and in-
corporated guidelines for scoping review
from Joanna Briggs Institute (Peters et al.
2015). The scoping review process used in
this study includes five stages: (i) identify-
ing research questions; (ii) identifying po-
tentially relevant studies: (iii) selecting eli-
gible studies; (iv) charting the data; and (v)
summarizing and reporting findings.

Identifying research questions and
objectives

The objectives of this study are to pres-
ent the most widely used definition of car-
bon neutrality and the most frequently dis-
cussed aspects of the carbon neutrality
concept. The research questions we devel-
oped are: (i) what is the definition of car-
bon neutrality? (i) What are the main as-
sumptions that carbon neutrality concepts
are based on?

Identifying potentially relevant studies
In general, the step of identification of
relevant studies casts a wide net for re-
source types such as electronic databases,
peer-reviewed scientific articles, gray litera-
ture (e.g., regulatory data), working pa-
pers, etc. The databases chosen for this
scoping review were Web of Science®
(WoS) and Scopus®. The time frame of pub-
lication ranged from 1990 to 2020, with the
time frame ending at the time the review
was performed. The search strategy for

both databases used the following key
phrases: “carbon neutrality”, “carbon neu-
tral biomass”, “carbon neutral bioenergy”,
and ‘“forest carbon neutrality.” The se-
lected terms could be found in the title, the
abstract, or the keywords. Furthermore, a
forward-backward article search (also
known as citation chaining) was applied.
This search method collects references
that are frequently cited in topical papers
(Robinne et al. 2020). The forward-back-
ward search method was implemented
during the process of study selection. In
addition, several articles were obtained
through direct contact with authors who
are focusing on the study of carbon neu-
trality of forest biomass. For the study se-
lection process of this scoping review, we
developed a list of inclusion criteria: (i) We
analyzed peer-reviewed articles and gray
literature (e.g., working papers, reports,
etc.); (i) all publications must be written in
English; (i) we did not implement any re-
striction regarding the country of publica-
tion; (iv) all publications should be focused
on the concept of carbon neutrality of for-
est biomass.

Selecting eligible studies

Fig. 1 summarizes the process of study se-
lection. During the initial search using the
chosen terms, we identified a total of 5699
articles — 2630 in WoS database and 3069
in Scopus database. During the screening
process, we excluded 5463 articles that
were not relevant to the topic based on
the contents of the title and the abstract
and 138 articles were excluded as dupli-
cates. Thus, 98 articles were identified
from WoS and Scopus databases and 40 ar-
ticles were obtained through chaining and
direct contact with authors. Finally, we per-

_5 Studies identified through database searching and chaining:
®
& Web of Science (n = 2630)
€
ﬁ Scopus (n = 3069)
oo
£ Studies screened by title and Studies excluded (n = 5601):
o abstract (n =5739)
g Focus of the paper (n = 5463)
Fy Full-text studies assessed for Full-text studies excluded (n =
3 eligibility (n = 138) i 99):
.0 .
w
l Focus of the paper (n = 87)
Language of the article (n =5)
S Studies included in the scoping
3 review (n = 39)
Q
=

Fig. 1 - Flow chart of the search strategy.

71

formed a full-text analysis on the 138 arti-
cles. Some 99 studies were excluded based
on inclusion criteria or accessibility — 87
studies did not have a focus that corre-
spond with the objectives of this scoping
review, 5 studies were not written in Eng-
lish, 1 study was not available in a digital
format, and 6 studies were not accessible.
Therefore, the final number of articles in-
cluded in this scoping review is 39.

Charting the data

We used descriptive qualitative content
analysis and developed a data-charting ta-
ble in Microsoft Excel® for full-text analysis
of eligible articles (n=39). This table in-
cludes the following information about an-
alyzed articles: author, year of publication,
type of publication, goal of the study, defi-
nition (concept) of carbon neutrality used
in the article, comparison of fossil fuels to
biomass with the focus on carbon neutral-
ity, dimensions related to the concept of
carbon neutrality considered in the article,
and general perception of carbon neutral-
ity of forest biomass.

Summadrizing and reporting findings

The last stage is summarizing the data in
relation to the purpose of the review, mak-
ing conclusions, and noting any implica-
tions of the findings. This stage is thor-
oughly elaborated below in the results and
discussion sections. The results section ex-
plains the CN concepts that were identified
during the literature review and the discus-
sion part of the study explains the assump-
tions that stay behind the CN concepts.

Results

Study context 39 articles were included in
the scoping review after full-text analysis
(see Tab. S1in Supplementary material for
full list). Although inclusion criteria had a
time frame from 1990 to 2020, studies in-
cluded in the scoping review were pub-
lished starting in 2007 (Fig. 2). 15% of ana-
lyzed articles were published between
2007 and 2010, 46% of articles were pub-
lished between 2011 and 2015, and 39% of
articles were published between 2016 and
2020. Sixteen articles included in the scop-
ing review were published in peer-review-
ed journals, whereas 23 articles can be de-
fined as gray literature.

Concepts of carbon neutrality

The concept of carbon neutrality of bio-
mass is broad and often vague. Various sci-
entists use this term differently according
to their own understanding. As has been
pointed out in many sources, there is no
widely accepted definition of carbon neu-
trality (NCASI 2013, Bracmort 2016, Liu et
al. 2018). After analysis of 39 articles (Tab.
S1 in Supplementary material), we distin-
guished 8 different concepts of carbon
neutrality. A significant foundation of this
research is the classification of carbon neu-
trality introduced by Malmsheimer et al.
(2011), which is based on the materials first
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presented by the National Council for Air
and Stream Improvement (NCASI 2011). Ad-
ditionally, we were able to contribute to
the discussion on the carbon neutrality of
biomass exploitation for bioenergy by as-
certaining and defining concepts of carbon
neutrality that were not previously de-
scribed (CN of forest residues and waste,
and CN of additional biomass). Below are
the descriptions of each concept.

Carbon cycle neutrality

According to this concept, forest biomass
that was harvested and subsequently re-
planted can be called carbon neutral (FSG
2015, Nabuurs et al. 2017). Carbon cycle
neutrality claims that the same amount of
carbon (C) that was emitted to the atmos-
phere can be reabsorbed during the pro-
cess of regrowth after a certain amount of
time. Therefore, C simply circulates be-
tween atmosphere and biosphere. C re-
leased to the atmosphere during the pro-
cess of biomass combustion creates a car-
bon debt. The process of C sequestration
back into plant tissues during forest
growth is called the payback period, which
can take a few years for short rotation
plantations to decades or hundreds of
years for old-grown forests. Thus, the con-
cept can be characterized as “harvest to
regrowth”. C cycle neutrality is usually ap-
plicable at the stand level, meaning that
biomass is harvested from one forest plot
and regrowth occurs on the same plot.
Other forest management activities exist-
ing in the rest of the forest are not consid-
ered.

Inherent carbon neutrality

This concept asserts that biomass is natu-
rally carbon neutral because its combus-
tion returns C to the atmosphere that was
recently absorbed during the process of
plant growth (Sedjo 2011, Hektor et al.
2016). Unlike fossil fuels, which emit C that
was sequestered deep in the earth for mil-
lions of years, biomass combustion does
not add net C to the atmosphere. The in-
herent CN concept suggests that biomass
establishes a C credit during the process of
plant growth. When biomass is burned, Cis
released back to the atmosphere and cre-
ates a balance between absorbed and
emitted carbon. This concept can be char-
acterized as “growth to harvest”, the op-
posite of the perspective of carbon cycle
neutrality. Yet both inherent CN and car-
bon cycle neutrality state that biomass C
circulates in the closed biosphere-atmos-
phere system without adding net addition-
alC.

Offset carbon neutrality

The amount of C released due to harvest-
ing in a forest stand can be offset by C se-
questration in other stands within the
same forest (Sedjo & Tian 2012, Timmons
et al. 2016). Unlike carbon cycle neutrality,
the offset carbon neutrality concept con-
siders carbon stock of the forest as a sys-
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2020 1

2019 2

2018 2

2017

2016 3

2015 4

2014 2

YEAR

2013 4

2012 3

2011 5

2010 3

2009 2

2008 0

2007 1

NUMBER OF PUBLICATIONS

Fig. 2 - Number of studies included in the scoping review, by year of publication.

tem where one stand should not be ana-
lyzed in isolation from other stands. If the
annual amount of C released from harvest-
ing activities in the forest is less than or
equal to the annual amount of C seques-
tered during the process of forest growth,
there is no net reduction in C stock. There-
fore, biomass from this forest can be called
carbon neutral.

Carbon neutrality of forest residues and
waste

Biomass can be considered carbon neu-
tral if the C released during the process of
combustion would otherwise be released
into the atmosphere via the process of nat-
ural decomposition (Vanhala et al. 2013,
Cowie et al. 2017). This concept can be ap-
plicable for forest residues that were left in
the forest after any harvesting activities in-
cluding clearcuts, thinnings, harvesting to
reduce the risk of fire and pest diseases in
the forest, and harvesting activities caused
by construction works. In addition, the
concept of carbon neutrality of forest res-
idues and waste can be relevant to sawmill
or papermill wooden waste.

Carbon neutrality of additional biomass

Biomass that is planted on non-forested
land and is grown explicitly with a purpose
to be used as a bioenergy source can be
called carbon neutral (Zanchi et al. 2010,
Agostini et al. 2014). If this biomass were
not planted, the C it absorbs would have
remained in the atmosphere. This principle
is similar to “growth to harvest” and the in-
herent CN concepts. Biomass creates a C
credit during growth that will be balanced
to zero after biomass combustion without
adding net C emissions to the atmosphere.

Accounting carbon neutrality
This concept is derived from the UNFCCC
and Kyoto Protocol principles for interna-

tional greenhouse gas reporting and ac-
counting. According to these principles, C
released during the process of biomass
combustion should be counted as zero.
The emissions are instead reported in the
Land Use, Land Use Change and Forestry
(LUCUCF) category at the stage of harvest-
ing as a loss of C stock in the forest. Thus,
emissions of C from tailpipes and smoke-
stacks associated with biomass combus-
tion for energy are not included in the
emissions from the energy sector to avoid
double-counting. Comparable to offset CN,
this approach accounts for annual changes
in C stocks but not C flows.

Substitution carbon neutrality

In the analysis of 39 articles, the concept
of substitution carbon neutrality was rarely
defined as an independent concept. How-
ever, its principles are relevant to many
other CN concepts. Within the framework
of this concept, biomass can be considered
carbon neutral if the net emissions of C re-
leased during the process of combustion of
biomass for energy are less than C emis-
sions associated with the exploitation of al-
ternative energy sources (Malmsheimer et
al. 2011, Bracmort 2016). Normally, this con-
cept is not limited to quantifying emissions
that occur directly from combustion. When
biomass is compared to alternative energy
sources (e.g., other renewable energy
sources or fossil fuels), it is common prac-
tice to use methods of Life Cycle Assess-
ment (LCA). The International Organization
for Standardization (ISO 2006) defines LCA
as the “compilation and evaluation of the
inputs, outputs and the potential environ-
mental impacts of a product system
throughout its life cycle”. A distinctive fea-
ture of LCA when applied to the compari-
son of energy sources, is its assessment of
all C emissions released over the life cycle,
including throughout the steps of produc-
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NUMBER OF ARTICLES

Inherent CN  Accounting CN  Carbon cycle CN of additional CN of forest

neutrality biomass

28

22
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8

Substitution CN  Offset CN Life cycle CN
waste and

residues

Fig. 3 - Frequency of mention of carbon neutrality concepts in the analyzed articles.

tion. For example, LCA of biomass will as-
sess the total amount of C released at the
stages of harvesting, transportation, pro-
cessing, conversion, and combustion.

Life cycle carbon neutrality

According to this concept, biomass can
be called carbon neutral if it does not re-
lease net C emissions to the atmosphere
during its life cycle (NCASI 2013, Littell
2016). In other words, the C emissions of
biomass should be less than or equal to the
amount of C sequestered in the biomass.
This concept highlights the necessity of us-
ing LCA to assess life cycle emissions of the
biomass. Unlike substitution CN, the life cy-
cle CN concept assesses the balance be-
tween C released during combustion and
the C sequestered during the process of
biomass growth without a required com-
parison of biomass to alternative energy
sources.

During full-text analyses of the articles in-
cluded in this scoping review, we observed
that the most frequently mentioned con-
cepts of carbon neutrality are “carbon cy-
cle neutrality” and “offset carbon neutral-
ity”. How often the different carbon neu-
trality concepts were mentioned in the an-
alyzed articles is shown on Fig. 3. It is im-
portant to note that we included concepts
specifically mentioned as related to carbon
neutrality as well as those that were only
described without being identified as car-
bon neutrality by the authors. The average
number of carbon neutrality concepts
mentioned per article is 3-4.

Discussion

Despite the fact that there are numerous
concepts of carbon neutrality that could fa-
cilitate the use of forest biomass for bioen-
ergy, the overarching idea as well as each
individual concept have received a consid-
erable amount of criticism. A key factor
that can affect CN of biomass is the
method used for biomass assessment. In
the analysis of articles, we observed that
many authors suggest using LCA to assess
carbon neutrality of forest biomass. Cur-
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rently, the LCA method is widely recog-
nized and applied to bioenergy assessment
(Cherubini & Stromman 2011, Wolf et al.
2015, Martin-Gamboa et al. 2020, Musule et
al. 2021). Almost all CN concepts (except
accounting carbon neutrality) require an
assessment of C emissions that can apply
this method. The LCA method is not inher-
ently a carbon neutrality concept but is an
essential tool to evaluate emissions of a
biofuel during its life cycle. Life cycle emis-
sions include supply chain emissions (har-
vesting, transportation, processing) and
emissions from combustion. LCA uses dif-
ferent input parameters to estimate C
emissions and the carbon neutrality of
biomass will depend on the parameters
used for the analysis (Helin et al. 2013).
These parameters include the type of
biomass feedstock, aspects of biomass
management and harvesting, means of
transportation, the methods of biomass
conversion and combustion, temporal and
spatial parameters, and the time frame for
feedstock replenishment. Some CN con-
cepts highlight a single parameter while
others focus on a combination of these pa-
rameters. For example, carbon neutrality
of forest residues and waste is focused on
the origin of the biomass feedstock. Car-
bon cycle neutrality highlights feedstock
replenishment, whereas inherent carbon
neutrality prioritizes the temporal aspect
of biomass production. Other CN concepts
focus on a combination of these parame-
ters; for instance, the offset CN concept
considers both temporal and spatial
boundaries, and additional biomass CN dis-
tinguishes between origins of biomass
feedstock as well as considers the tempo-
ral aspect. However, life cycle carbon neu-
trality concept is unique in its reliance on
the LCA method and has the most thor-
ough assessment of all parameters that
can affect the CN status of a biofuel. The
concept of substitution CN can also imple-
ment the LCA method to assess how bioen-
ergy production compares to alternative
energy production scenarios in terms of C
emissions.

Temporal boundaries

While assessing C emissions produced
during the entire life cycle of biomass, one
of the challenges is to properly define the
time frame of the analysis. This element of
analysis is the establishment of “temporal
boundaries”. Depending on the length of
the designated time boundaries, biomass
would be characterized as carbon neutral
when C emissions from bioenergy produc-
tion will be less than C sequestration in a
selected time frame. It can be achieved if
the boundaries will include C reabsorption
via biomass regrowth after harvesting for
bioenergy or C sequestration during the ini-
tial biomass growth. This parameter is rele-
vant for concepts of carbon neutrality in-
cluding carbon cycle CN, life cycle CN, in-
herent CN, and CN of additional biomass.
Thirty-four out of 39 articles analyzed dur-
ing the scoping review discussed at least
one of these CN concepts, thereby consid-
ering temporal aspects. There are many
opinions about when the accounting pe-
riod should begin since this choice can in-
fluence the perception of biomass as CN
and there is no agreement on which tem-
poral boundaries should be applied across
the board. The debate is ongoing as scien-
tists provide individual explanations for the
ideal temporal boundaries with which to
determine carbon neutrality. One option is
to begin accounting at the time of first
biomass harvesting for bioenergy (Berndes
et al. 2016). In this case, biomass extraction
creates C debt that later can be repaid via
replanting of biomass. Another option is
for accounting to start at the point of
biomass planting and growth (relevant for
inherent CN and CN of additional biomass)
where biomass initially creates C credit.

It is just as important to determine when
the accounting period should end. One op-
tion is to account for growth prior to har-
vesting, harvesting activities, and full
biomass regrowth (Littell 2016). A relative-
ly long time frame is suggested because
forest management activities commonly
occur before and continue after the usual
timeframe of LCA analysis. On the one
hand, longer temporal boundaries will al-
low for the carbon debt that occurs at the
moment of harvesting to be repaid by re-
growth and describe the GHG mitigation
benefits provided by stable forest carbon
stocks (FSG 2015). On the other hand, it is
argued that longer temporal boundaries
should not be applied when assessing CN
of biomass because they overshoot estab-
lished Paris Agreement targets and hinder
efforts to mitigate climate change (Diehl et
al. 2020). In many cases, the actual carbon
payback period is very long (Holtsmark
2012). When biomass is combusted, it im-
mediately increases the concentration of C
in the atmosphere, and it is theorized that
a delay between Crelease and C sequestra-
tion could have a temporary warming ef-
fect (Muys et al. 2014). Some scientists ar-
gue that burning biomass with a long pay-
back period has a potential impact on cli-
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mate tipping points in the short term (Ago-
stini et al. 2017, Brack 2017a). The concept
of “climate tipping points” implies that an
increase in global temperatures past a cer-
tain point could potentially cause an irre-
versible global shift from the current stable
climate to a warmer stable climate and
many subsequent negative consequences
(Brack 2017a). For example, thawed per-
mafrost and melted glaciers would not re-
turn to their original magnitude at a higher
temperature equilibrium even after full car-
bon emissions offset by biomass regenera-
tion. Nevertheless, this issue has not yet
been sufficiently studied and research is
ongoing.

Spatial boundaries

While assessing the emissions released
from biomass, it is also important to cor-
rectly identify the physical border of the
study area. This aspect of assessment is re-
ferred to as spatial boundaries. Just like
temporal boundaries, spatial boundaries
can influence the calculation of biomass
emissions (Muys et al. 2014). Therefore,
whether or not an examined biomass type
is carbon neutral depends on selected spa-
tial boundaries. This aspect is the founda-
tion of offset carbon neutrality. There are
two common options for spatial bound-
aries: plot-level approach and landscape-
level approach. The plot-level approach as-
sesses a single plot with harvesting at year
o followed by subsequent regrowth. In
that case, the amount of time required for
regrowth (payback period for C sequestra-
tion) will be significant. The landscape-level
approach considers an entire forest area.
According to this approach, emissions from
harvesting on one plot can be offset by for-
est growth in other plots in the same for-
est. Therefore, biomass from this forest
can be considered carbon neutral if the to-
tal carbon stock remains the same or in-
creasing despite the undertaken harvest-
ing activities. The more widely held opinion
is that the landscape-level approach is the
most suitable for assessing the C emissions
of biomass (Malmsheimer et al. 2011, Cowie
et al. 2017, IEA 2019) and that the minimal
spatial boundaries should include the en-
tire supply area (NCASI 2013, FSG 2015).
One reason for this constraint is the possi-
bility to account for “leakage”. Leakage
can be defined as unexpected emissions or
additional sequestration associated with
forest management activities within the
forest plot but occurring outside of the as-
sessed area (FSG 2015). Plot-level assess-
ment does not consider emissions or se-
questration related to unexpected forest
activities, whereas the landscape-level ap-
proach allows for more thorough measure-
ment within a larger area of consideration.

However, some argue that the C balance
in the areas of the forest unaffected by di-
rect forest management activities is irrele-
vant and that emissions of a specific bioen-
ergy project cannot be offset by biomass
growth in the adjacent area (Diehl et al.
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2020). In addition, a report published by
the Manomet Center for Conservation Sci-
ences (MCCS 2010) points out that land-
scape-level assessment ignores the sce-
nario in which biomass was not harvested
for bioenergy (i.e., business as usual sce-
nario) because it is hard to predict forest
management activities when applying
wider spatial boundaries. Considerations in
biomass assessment, such as the BAU sce-
nario, and possible omissions of foregone
C sequestration will be explained in the
next section.

Scenario-based assumptions

As is pointed out by many authors (Hab-
erl et al. 2012, Matthews et al. 2018), it is es-
sential to apply assumptions from different
scenarios when assessing GHG emissions
of biomass. This component of assessment
can be applied to all CN concepts. When as-
sessing biomass, it is reasonable to com-
pare the “bioenergy scenario” - the sce-
nario in which biomass is harvested for en-
ergy production through processes of its
combustion - with the scenario in which
biomass is never harvested for bioenergy
production. This scenario can be called
baseline, business-as-usual (BAU), refer-
ence, or counterfactual scenario. However,
BAU scenarios can vary. For example, if a
forest has been actively managed with a
certain amount of biomass consistently
harvested, the BAU scenario assumes that
the same amount of biomass will continue
to be harvested in the future. Conversely, if
forest management activities were absent
in the assessed forest area, the BAU sce-
nario assumes that the forest will remain
untouched and continue to absorb carbon
as it grows. The process of ongoing plant
growth in a non-bioenergy scenario is call-
ed foregone carbon sequestration. Fore-
gone carbon sequestration poses a chal-
lenge to the promotion of forest biomass
for bioenergy production and to its catego-
rizing as carbon neutral. Many authors are
concerned that encouraging the harvest of
biomass for energy will lead to the loss of
potential carbon stock (EEA 2011, Muys et
al. 2014, Agostini et al. 2017, Liu et al. 2018).
Additionally, biomass can only reduce C
emissions if the total C sequestered after
the processes of growth and harvesting of
biomass is greater than the amount that
would have been sequestered anyway
(Searchinger et al. 2009). While they may
be important to consider, counterfactual
scenarios are often hard to predict. There
are a variety of factors that can impact fu-
ture forest conditions that may or may not
make biomass suitable as a carbon neutral
source for energy production. The poten-
tial risk of natural disturbances like fires,
storms, or pest diseases is often men-
tioned among these factors (Matthews et
al. 2018). Another consideration is market
effects. The conditions of the current eco-
nomic market (e.g., prices of biomass), or
even the anticipation of future markets,
can affect forest owner behavior. Making

decisions regarding forest management ac-
tivities based on expected future markets
can be called a forward-looking approach
(Sedjo 2011, 2013). According to this ap-
proach, high market prices for biomass, or
anticipated high prices in the near future,
can increase forest owner investment and
improve forest management. Improve-
ment of forest management can mean new
plantings, the use of more rapidly growing
seedlings, the intensification of manage-
ment to increase quality and quantity of
feedstock, and expansion of forests (Sedjo
2013, Ter-Mikaelian et al. 2015, Cowie et al.
2017, Nabuurs et al. 2017). In that case,
these positive effects should be included in
the BAU scenario. However, market effects
can also have negative impacts on the for-
est. High prices of timber, as well as large
subsidies for bioenergy, can increase the
rate of harvesting. If harvestings are not
conducted within the sustainable forest
management framework, the C stock can
eventually be diminished (Sedjo 2013, Diehl
et al. 2020). Forest owner behavior, market
effects, and natural ecosystem dynamics
are difficult to forecast. Consequently, the
fate of C stocks is difficult to predict as it is
closely associated with these factors. This
demonstrates why assessments of the ex-
ploitation of biomass for bioenergy should
precisely define alternative scenarios and
include all the details that can affect the re-
sults of the assessment.

Many authors assert that it is necessary
to account for supply chain emissions
when assessing emissions from biomass
(Cowie et al. 2017, Liu et al. 2018, Norton et
al. 2019). Even though the energy content
of the fossil fuels used for harvesting, chip-
ping and transportation is typically less
than 5% of the energy content of the pro-
cessed biomass (Berndes et al. 2016), emis-
sions related to the combustion of these
fossil fuels should be included in LCA. Ac-
cording to this logic, a comprehensive com-
parison between a bioenergy scenario and
a counterfactual scenario in which only fos-
sil fuels are used should consider the C se-
questration of the biomass that continues
to grow in the counterfactual scenario as
well as the supply chain emissions from
fossil fuels used for mining (or harvesting),
transportation, and production in either
scenario. This idea is relevant to the substi-
tution CN concept.

Feedstock

The feedstock of biomass for bioenergy is
an important factor examined in the ana-
lyzed articles. Selection of biomass feed-
stock affects the overall suitability of its
use as an energy source. Currently, the
main feedstocks used for bioenergy consist
of byproducts from the production of pulp,
paper, and sawn timber, as well as from
forest residues left after various forest
management activities (Zanchi et al. 2012).
Forest residues and wastes seem to be fa-
vorable biomass feedstocks that can posi-
tively contribute toward climate change
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mitigation (Brack 2017b, Cowie et al. 2017,
Norton et al. 2019). According to the princi-
ple of CN of forest waste and residues, this
biomass can be defined as C neutral if used
for bioenergy because it would decay and
emit C into the atmosphere if it had been
left unused.

A related dilemma is whether it is appro-
priate to harvest biomass in old-growth
forests or if it is better to maintain it as a
carbon pool. There are two interconnected
aspects regarding this issue. First, some au-
thors assert that forest C sequestration ca-
pacity is limited with age (Hektor et al.
2016, Timmons et al. 2016). Rates of carbon
uptake decline as forests reach maturity.
Whereas young forests grow rapidly and
sequester higher amounts of C, old-growth
forests eventually stop absorbing addi-
tional C and only function as C storage.
Second, old-growth forests have a higher
risk of natural disturbances. There is gen-
eral agreement that the risk of forest fires,
storm fellings, and insect attacks increases
with the age of the trees (Malmsheimer et
al. 2011, Hektor et al. 2016). The loss of C
pools in an old-growth forest as a result of
natural disturbances would be significantly
greater than if the disturbance occurred in
ayoung forest.

The link between climate change and for-
est fires (Abatzoglou & Williams 2016, Flan-
nigan et al. 2006) has increased the fre-
quency and severity of wildfires in recent
years and has led to the degradation of
both old-growth and young forest areas.
As of October 10t 2022, land burned by
wildfires in Europe was estimated at 1.4
million hectares. This is a significant in-
crease considering about 0.45 million ha of
land were burned in Europe on average be-
tween 2006 and 2021 (Statista 2022). It is
recognized that high tree stand density
correlates with high fire severity (Amato et
al. 2013). Accordingly, forest management
practices can positively affect wildfire miti-
gation. Research shows that forest fuel
treatments (i.e., thinning and prescribed
fire) can decrease fire severity, crown fire
occurrence, and lower C emissions related
to wildfire (Reinhardt & Holsinger 2010).
Moreover, Madrigal et al. (2017) demon-
strated that collection of forest biomass
for energy production reduces fire risk if
forest management activities are done at a
landscape level and if biomass is derived
from thinning and understory clearing.
Thus, proper forest management facili-
tates wildfire mitigation while providing
biomass resource for bioenergy produc-
tion.

Conclusion

Despite the wide use of the term carbon
neutrality, an analysis of recent literature
demonstrated the lack of a common defini-
tion of the concept. We were able to iden-
tify eight distinct definitions of CN from 39
analyzed articles. These definitions include
the following carbon neutrality concepts:
carbon cycle neutrality, Inherent carbon
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neutrality, offset carbon neutrality, carbon
neutrality of forest residues and waste, car-
bon neutrality of additional biomass, ac-
counting carbon neutrality, substitution
carbon neutrality, and life cycle carbon
neutrality. The majority of investigated
studies used more than one definition of
CN. Based on the analysis of the selected
articles, CN is not an inherent property of
biomass. Meanwhile, the inherent status as
carbon neutral is frequently used to pro-
mote and justify the utilization of biomass
for bioenergy purposes. Using the term in
a generic sense can be confusing and even
misleading given the variety of concepts of
CN. Therefore, the concept of CN should
perhaps instead be understood as a rela-
tive characteristic of a bioenergy product
based on an assessment of the carbon
emissions and environmental impact
caused by its production and exploitation.
This definition is most correlated with the
life cycle carbon neutrality concept.

Biomass used for bioenergy production
can be labeled as carbon neutral using a
clear assessment procedure. This can be
accomplished by applying the LCA method.
LCA provides a tool to investigate all GHG
emissions throughout the biofuel life cycle
starting at the biomass plantation phase,
following through the processes of bio-
mass preparation and transformation, and
ending with biofuel combustion. Due to
the context-reliant nature of the concept
of carbon neutrality of biomass, the results
of the LCA scenario that utilizes biomass
for bioenergy purposes should be com-
pared to the results of an alternative sce-
nario in which conventional fossil fuels are
used as the source of energy production.
Furthermore, it should be noted that the
LCA of a particular biomass can be affected
by systemic, temporal, or spatial bound-
aries. Therefore, these boundaries should
be thoroughly defined before finalizing any
assessment.

A topical example of biomass assessment
is within the framework of RED II. The term
“carbon neutrality” is not explicitly stated
in RED Il (EC 2018), but the CN concepts
used can be identified from the directive’s
guidelines for assessing the sustainability
of biomass fuels and associated GHG emis-
sions during its life cycle. The directive ar-
gues that carbon emissions from biofuel
combustion should be treated as zero
which indicates the principles of inherent
carbon neutrality. Additionally, RED I
agrees with the principles of the offset CN
concept. The directive recognizes biomass
as sustainable and proposes that it can be
used for bioenergy production as long as
levels of carbon stocks and sinks in the for-
est are maintained after harvesting. Over-
all, the methodology recommended for
sustainability and GHG emissions assess-
ment provided in RED Il correlates with the
life cycle CN concept which considers emis-
sions that occur during the biomass cultiva-
tion, transportation, processing, etc. Nev-
ertheless, RED Il does not clearly define

temporal boundaries which could affect
the results of the assessment suggested in
the methodology. Temporal boundaries, as
well as the feedstock- and scenario-based
assumptions mentioned earlier in this arti-
cle, should be considered by stakeholders
and policymakers when discussing bioen-
ergy production.
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