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Abstract

Background: Bioenergy plays a key role in the transition to a sustainable economy in Europe, but its own sustain-
ability is being questioned. We study the experiences of Sweden, Finland, Denmark and Norway, to find out whether
the forest-based bioenergy chains developed in the four countries have led to unsustainable outcomes and how the
countries manage the sustainability risks. Data were collected from a diversity of sources including interviews, statisti-
cal databases, the scientific literature, government planning documents and legislation.

Results: Sustainability risks of deforestation, degradation of forests, reduced carbon pools in forests, expensive bio-
power and heat, resource competition, and lack of acceptance at the local level are considered. The experience of the
four countries shows that the sustainability risks can to a high degree be managed with voluntary measures without
resorting to prescriptive measures. It is possible to add to the carbon pools of forests along with higher harvest vol-
umes if the risks are well managed. There is, however, a marginal trade-off between harvest volume and carbon pools.
Economic sustainability risks may be more challenging than ecological risks because the competitiveness order of
renewable energy technologies has been reversed in the last decade. The risk of resource competition harming other
sectors in the economy was found to be small and manageable but requires continuous monitoring. Local communi-
ties acting as bioenergy communities have been agents of change behind the most expansive bioenergy chains. A
fear of non-local actors reaping the economic gains involved in bioenergy chains was found to be one of the risks to
the trust and acceptance necessary for local communities to act as bioenergy communities.

Conclusions: The Nordic experience shows that it has been possible to manage the sustainability risks examined

in this paper to an extent avoiding unsustainable outcomes. Sustainability risks have been managed by developing
an institutional framework involving laws, regulations, standards and community commitments. Particularly on the
local level, bioenergy chains should be developed with stakeholder involvement in development and use, in order to
safeguard the legitimacy of bioenergy development and reconcile tensions between the global quest for a climate
neutral economy and the local quest for an economically viable community.
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Introduction and background

The four Nordic countries Sweden, Finland, Norway and
Denmark share goals of transforming their economies
to low carbon dioxide emission economies. Compared
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to 1990 greenhouse gas emissions, Sweden plans to emit
maximum 15% by 2045 [1], Norway 5-10% by 2050 [2,
3], Finland 15% by 2050 [4-6], and Denmark 5-20% by
2050 [7]. The countries plan to reach a climate neutral
economy by compensating for the remaining emissions
by extracting a similar amount of CO, from the atmos-
phere and storing it in forests, applying carbon capture
and storage technologies, or paying for reduction of CO,
emissions in other countries. Norway plans to reach
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climate neutrality by 2030 [2, 3], Finland by 2035 [4-6],
Sweden by 2045 [1] and Denmark by 2050 [7]. Forests
and bioenergy play important roles in these transition
strategies, in particular until electricity storage technolo-
gies become sufficiently developed.

Over three decades, large parts of the fossil energy
economy of three of the countries have been transformed
to bioenergy. Bioenergy provided by 2016 two thirds of
the renewable energy in the EU (Fig. 1) and has been pro-
jected to develop further in the 2020s. The development
of bioenergy measured by its share in gross inland energy
consumption is shown for the four Nordic countries and
the EU in Fig. 1.

Finland and Sweden have 31% of the total EU forest
area [8]. The two countries have since around 1990 devel-
oped strong forest-based energy supply chains. Denmark
has developed bioenergy supply chains to a similar degree
but has a small forest area. Norway has a large forest area
but has not developed bioenergy. Its exceptionally rich
hydropower resources are more competitive (Fig. 1). The
production and use of bioenergy per capita are high in
Sweden and Finland, whereas it is considerably lower in
Denmark. In Norway it is even lower (Fig. 2).

To understand the risks associated with the develop-
ment of bioenergy, we tried to find out which bioenergy
chains are expanding. To that end, we separated the

flows of biomass energy carriers in six separate bioen-
ergy chains identified by their type of energy conversion
(Fig. 2). They are quantified by the energy consumption
at the conversion stage.

The bioenergy chains identified include: (i) the con-
version of biomass waste from own processes in the
wood, pulp and paper industry, (ii) the conversion of
wood biomass and municipal waste to power and dis-
trict heating (“bioenergy-to-grid”), (iii) the similar con-
version of waste streams in forest industries to steam
and power (“industry bioenergy-to-grid’, (iv) the pro-
duction of liquid and gaseous biofuels, (v) bioenergy in
other industries, and (vi) the traditional use of firewood
in households (“residential and services”).

The most expansive of these bioenergy supply chains
in 1990-2015 in all four countries has been the bioen-
ergy-to-grid chain, whereas biofuel chains have been
rather small and sourced primarily from imported oils
and food or feed crops. District heating is reaching a
saturation point in the four countries and the bioen-
ergy-to-grid chain is not likely to be expansive in the
future [9]. Biofuels are candidates for fuelling long dis-
tance transport and the sourcing of the biofuel supply
chain is redirected by EU legislation from food and feed
crops towards lignocellulosic biomass such as wood
and agriculture residues. Some of the pulpwood waste
flows that are today converted to steam and heat for
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Fig. 2 Bioenergy chains in Sweden, Finland, Norway and Denmark, 1990-2015. MWh per capita. Bioenergy value chains are defined by
consumption (Lower Heating Value) of biofuels in the conversion link. Note the different scales. BHP = biomass to heat and power. Source: authors’
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processes in the pulp and paper industry may even be
converted to biofuels instead [10].

The expansion of bioenergy-to-grid value chains has
superseded fossil fuel and peat-based heat and power
generation, but they also compete with electrical heat
pumps. These are very common in Norway where elec-
tricity has been cheap. The low penetration of bioen-
ergy-to-grid chains in Norway is also related to the
fact that only a small fraction of the total heated floor
area of buildings is designed with waterborne heating.
This limits the potential for district heating and thus
the potential for bioenergy-to-grid chains becomes
saturated at a lower level. The share of dwellings with
waterborne heating rose from 8% (of which 1%-point
district heating) in 2001 to 15% (of which 4%-points
district heating) by 2012 [11]. In the other countries,
the competitiveness of biomass-based district heating
has been improved by biomass subsidies and higher
electricity taxes [12-15].

These bioenergy pathways have been developed to
mitigate climate change risks and must comply with prin-
ciples of protecting environmental values of forests [16].
However, the sustainability of bioenergy development
has itself been questioned [17-19]. We call the risks of

inadvertently causing unsustainable outcomes while pur-
suing transitions to a sustainable economy “sustainability
risks”.

This paper aims at identifying and assessing risks and
risk management related to bioenergy development,
focussing largely on the local level, in the experience of
the four Nordic countries. We do this largely by review-
ing the scientific literature and other relevant documents,
but also include results from interviews with relevant
actors in northern Norway. The paper is not an exhaus-
tive review, but instead literature is included up to a point
where it adequately justifies the argument being made.

Conceptual framework and methods
Key interdisciplinary concepts

Bioenergy “pathways’, “supply chains” or “chains” are
the physical chains of energy carriers from biomass
(as primary energy carrier) to fuels and converted
to energy for final use. From an economic point of
view, the energy carriers gain economic value in each
link. Their market value increases with their usability.
From a physical perspective, they lose energy, link by
link, due to transport, storage and conversion. Bioen-
ergy chains have been developed in the four countries
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to restructure parts of the energy sector to sustainable
production and use of energy (Figs. 1 and 2).

Sustainability is an interdisciplinary concept and the
study of sustainability risk requires an interdiscipli-
nary palette of methods and approaches. The World
Commission on Environment and Development (the
Brundtland Commission) defined sustainable devel-
opment as a development of society that “meets the
needs of the present without compromising the abil-
ity of future generations to meet their own needs” and
added that sustainable development “requires meeting
the basic needs of all and extending to all the oppor-
tunity to fulfil their aspirations for a better life” ([20],
paragraph 27).

The concept of sustainable development was explained
in Agenda 21 and other UN documents as balanced pro-
gress in the social, economic and ecological dimensions,
specifying reduction and avoidance of imbalances within
and between the dimensions [21]. In particular, economic
growth at the cost of regression in the ecological or social
dimension is not sustainable development. Neither is
progress in the ecological dimension due to economic
recession such as during the financial crisis or the corona
pandemic. Progress in the three dimensions is now speci-
fied in 15 of the 17 sustainable development goals and a
fourth dimension, governance, has been added (goals
16 and 17 on conflict resolution and equal partnerships)
[22].

The development of bioenergy chains replacing fos-
sil energy chains in the four countries is intended to be
part of a sustainable development of society. Sustainabil-
ity risks are the risks of inadvertently causing retrogres-
sion in one or more dimensions, despite the intention
of generating progress in all four dimensions. Backward
steps in one or more of the four dimensions can result in
imbalances in one or more dimensions.

“Risk” is commonly understood as negative or undesir-
able, but uncertain, outcomes of actions or scenarios pur-
suing desirable goals. Academic disciplines offer a variety
of approaches to risk and uncertainty. Across quantitative
disciplines, risks are quantified as the product of conse-
quence and its probability. The implication of taking this
“magnitude x likelihood” approach to quantitative risk
assessment is that risks of catastrophic impact are not
neglected or dismissed due to low probability. This is also
the standard approach to quantitative risk assessment in
science and technology.

The IPCC has developed an interdisciplinary approach
to the assessment of magnitude as well as likelihood of
consequences. The scientific confidence in the assess-
ment of both factors depends on the available evidence
and on the scientific agreement on methodology and the-
ories underlying its interpretation [23].
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Other academic disciplines such as sociology, psychol-
ogy and anthropology are more concerned with quali-
tative changes and interpretation. They focus on the
perceptions of risks and the role of risks as a profound
characteristic of society. Beck describes society by the
turn of the century as the “risk society’;, generating “man-
ufactured uncertainties” [24, 25], which lead to risks that
are global in scope, work across generations and are uni-
versal. They are individually uncontrollable, and their
costs cannot be shared by insurance or similar arrange-
ments. To various degrees, however, they are societally or
collectively manageable.

Climate change risks are managed by mitigation meas-
ures such as developing and deploying bioenergy solu-
tions. These may, however, entail risks of their own and
may inadvertently cause unsustainable outcomes, despite
their intended contributions to a sustainable economy.
We call these risks “sustainability risks” They can be
regarded as second order manufactured risks. They are
man-made and collectively manageable.

Luhman distinguishes between risk and danger, where
risk is the prospect of undesirable outcomes in technical
terms, whereas danger is the broader fear of undesirable
outcomes as perceived by citizens in general. The latter is
closely related to the development of trust [26]. Renn and
others recommend broadening the standard “magnitude
x likelihood” approach to a risk governance approach
including these aspects of risk in society [27].

Sustainability risks of bioenergy are not a new chal-
lenge to Europe. Before industrialisation, unsustainable
use of forests led to deforestation of large areas of Europe
[28]. Forest areas were cleared not only for agriculture
and supply of wood as material, but also for bioenergy,
e.g., for mining and the metal industry. The concept of
sustainability was probably first introduced by the min-
ing director von Carlowitz in 1713 [29]. In his guidance
for wild tree cultivation (“Anweisung zur Wilden Baum-
Zucht”), he warned against a failing wood supply due
to overharvesting. He argued for letting the trees grow
to maturity and for replanting new trees after harvest-
ing, thus conserving the forest resource and production
capacity.

In Denmark and even in parts of Norway, Sweden and
Finland, unsustainable utilization before industrialisation
led to deforestation [28, 30]. The forest cover in Denmark
was reduced to 2% by 1800 [31] However, through the
twentieth century in particular large forest areas have
recovered [32]. Thus, the four countries have ample expe-
rience with unmanaged as well as managed sustainability
risks of forest-based bioenergy.

Today, the concept of sustainable forest manage-
ment includes not only the supply of wood, but all eco-
system services provided by forests. Sustainable forest
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management can now be defined as “the stewardship and
use of forests and forest lands in a way, and at a rate, that
maintains their biodiversity, productivity, regeneration
capacity, vitality and their potential to fulfil, now and in
the future, relevant ecological, economic and social func-
tions, at local, national, and global levels, and that does
not cause damage to other ecosystems” [33].

“Ecosystem services” are the services from nature ben-
efitting humans and their economy including abiotic ele-
ments such as the climate system. They include: (i) the
services of materials and energy provision, (ii) regulation
of the hydrological cycle, the carbon cycle, the nutrient
cycles and other of the great cycles of nature and the
economic use of these cycles, and (iii) cultural services
such as recreation and cultural identity. Life supporting
services on which the other services rest, such as photo-
synthesis, nutrient cycling and soil formation, are some-
times considered a separate group of ecosystem services
and sometimes as underpinning all ecosystem services
[34-38]. Generally, sustainability risks in the ecologi-
cal dimension can be described as ecological imbalances
caused by overconsumption (i.e. excessive use leading to
depletion) of the ecosystem services provided by forests
and other biomass production systems.

Identification of sustainability risks to be assessed

In this section, we identify key issues which will be
treated in this paper, based on issues previously identi-
fied by others. Bioenergy sustainability risks identified by
the IPCC include land-use change from forest to agricul-
ture and other reductions of carbon pools, larger flows
of nitrogen use and emissions of N,O and NH;, higher
water demand, reduced biodiversity, and risks to food
security (quantities and prices) [39]. In the future, new
risks such as leaks from mineral storage of carbon from
bioenergy with carbon capture and storage (BECCS) sys-
tems might arise as technologies mature and are imple-
mented at larger scale. Lattimore et al. found six classes
of environmental risks associated with forest-based
bioenergy, i.e. risks to: (i) soils, (ii) hydrology and water
quality, (iii) site productivity, (iv) forest biodiversity, (v)
greenhouse gas balances, and (vi) global and supply-
chain impacts of bioenergy production [40]. The Euro-
pean Commission identified seven sustainability risks
related to bioenergy, including deforestation and forest
degradation, emissions from land use, land use change
and forestry, upstream greenhouse gas emissions and
air emissions from combustion. They also included two
economic sustainability risks: diversion of wood from
material use and inefficient bioenergy generation [41].
The European Commission also summarized sustainabil-
ity risks of bioenergy in the consultations with the public
prior to the revision of the renewable energy directive as:
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(i) biogenic CO, emissions and supply chain emissions,
(ii) adverse environmental impacts on biodiversity, soil
and air quality, (iii) use in low-efficiency installations, and
(iv) administrative burdens and related costs [42]. These
sustainability risks related to bioenergy have been con-
sidered in the lawmaking process leading to the revised
directive on energy from renewable sources [43]. They
can be classified as ecological or economic sustainability
risks. There may be important sustainability risks related
to the development of the bioenergy chains with district
heating that constitute the most expansive bioenergy
chains in Sweden, Finland and Denmark in the period
1990-2015. If this entails significantly higher heating
prices, inequality in consumption opportunities may be
deepened, representing a risk of economic and social
imbalances.

The bioenergy chains replacing fossil fuels in the four
countries would not have been developed without gov-
ernment support. Market prices can be seen as signals of
the effects on the economy of a transaction, but only so
far as these effects are mediated through the partners of
the transaction. Effects of fossil fuel combustion on urban
air pollution and climate change and effects on tech-
nological knowledge of industrial experience with new
solutions are not signalled by market prices unless gov-
ernments intervene. These effects on the rest of society
are called external effects. Energy markets left without
management of the external effects lead to suboptimal
development of renewable energy potentials, including
bioenergy. Economic risks may, however, also arise if
governments develop bioenergy beyond what is justified
by these external effects. Excessive bioenergy production
and use entails risks of economic imbalances in the form
of higher costs than necessary for energy from renewable
sources and of losses due to distortions of markets con-
nected to the bioenergy chains.

The bioenergy chains involving district heating would
not have developed without strong political support and
acceptance from the local community. In all four coun-
tries, they are typically developed by networks of suppli-
ers led by the municipality and its utilities. If these local
projects lose public support, they face a governance sus-
tainability risk. This could be a result of the ecological,
economic and social risks materializing, but it could also
be a result of governance issues such as inadequate local
cooperation and conflict resolution or national authori-
ties overriding local decisions.

Against this backdrop, we identify the following sus-
tainability risks and group them in the dimensions of
sustainable development, also giving the methodology we
have used in this paper to discuss each risk (Table 1):

The assessment of these risks must necessarily use a
variety of approaches and is therefore an interdisciplinary
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Table 1 Summary of the sustainability risks discussed in this paper and the methodology used

Sustainability risks

Approach/method

Ecological sustainability risks
Deforestation, forest degradation and reduced wood supply
Risks to carbon stocks

Other ecological sustainability risks, e.g. adverse impacts on biodiversity
and soil, water, and air quality

Economic sustainability risks
Excessive use of wood as fuel rather than as material

Excessive development of bioenergy rather than other renewable energy
technologies

Social sustainability risks

Socially undesirable distribution between income groups and regions
Governance sustainability risks

Community trust and acceptance

Analysis of statistics from national statistics and reporting to the UNCFFF
Analysis of statistics from national statistics and reporting to the UNCFFF

Review of frameworks for management of ecological risks by public and
private governance measures

Statistical analysis and review of the literature
Statistical analysis and review of the literature

Interviews, literature (see next sub-section for details)

Interviews (see next sub-section for details)

challenge. The ecological, economic and social sustain-
ability risks can be understood as risks of imbalances
caused by overconsumption of ecosystem services of for-
ests, innovation resources and consumption opportuni-
ties of specific groups of the population. They are often
formulated as “triple bottom lines” in corporate sustain-
ability reporting. When sustainability is understood as
progress in all three dimensions at the same time, nega-
tive numbers on the three bottom lines are indicators of
unsustainable outcomes.

Interviews in northern Norway

To identify risks perceived by stakeholders in the local
development of bioenergy chains, 13 semi-structured
interviews were conducted with strategically selected
actors in the bioenergy value chain in Troms County in
northern Norway in 2015/2016. Our aim was to get per-
spectives from different stakeholders on wood-based bio-
energy in the region.

Qualitative methods follow a different logic than sta-
tistical methods, generalizing from a sample to a popu-
lation. Qualitative methods provide an understanding of
a specific phenomenon that is more or less transferable
as an explanatory model for a similar situation or phe-
nomenon. In our case, this involves the interpretation of
interviewee answers as perceived risks associated with
the development of bioenergy chains.

While the quality of data in quantitative methods and
analyses is assessed in relation to reliability, validity and
generalization, the quality of qualitative data is assessed
in relation to credibility, verifiability and transferabil-
ity. The results of our interviews may thus not be repre-
sentative for Norway but represent different opinions and
understandings that may be relevant for other Norwegian
and Nordic regions.

The selection criteria were that the group should con-
sist of actors from the whole value chain. Conversations
were carried out with contractors, loggers, municipal
employees and residents who live close to central heat-
ing plants.

The plan for the interviews was notified to and
approved by the Norwegian Centre for Research Data
(NSD). The registration and approval ensured that the
study was carried out in accordance with the ethical
guidelines of The National Committee for Research
Ethics in the Social Sciences and Humanities.

The aim of the qualitative interviews was interpreta-
tion and understanding of how and why, not questions
of how much or how many. Conducting interviews gave
us the opportunity to gather and investigate the inter-
viewee’s subjective interpretations of sustainability risk
related to wood-based bioenergy in Troms County in
Norway. The semi-structured approach gave the inter-
viewees the opportunity to elaborate their answers, not
pre-categorised in the interview schedule. In addition
to an introduction, the interview guide was structured
around seven topics:

+ Introduction and presentation of the project

+ How has cooperation on bioenergy developed in
the region?

+ How have conflicts of interest been solved?

+ How has the regional market for bioenergy been
established?

+ What roles have local and national authorities
played in the development of bioenergy in the
region?

+ How have environmental issues been solved?

+ Has a potential for positive community effects of
the industry been experienced?
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+ What key challenges for the further development
of the bioenergy industry in the region have been
experienced?

The dynamics of the interview situation decided the
order of topics that was probed. Understanding of sus-
tainability risks of bioenergy was an integrated per-
spective in the conversations. We used audio recorders
during the interviews, and their transcriptions were
preserved in anonymized form. The review of the
interviews was largely based on parallel transcription
and analysis. Some of the interviews were partially
transcribed, while others were summarized more in
key words as we listened through them. The closer we
got to an understanding that there was risk we stud-
ied, the less we transcribed long passages. We then
searched the interviews for descriptions of risk related
passages that could develop the understanding of risk.

The challenge with unstructured interviews is that
the analysis becomes complex with many threads and
scattered blocks of important information. For this
reason, we have reproduced the quotes with mild lin-
guistic editing ([44], pp. 243-4).

Results and discussion

Risks of deforestation, forest degradation and reduced
wood supply

In the political bioenergy debate the risk of deforesta-
tion and forest degradation from bioenergy production
is in focus [17, 45, 46]. Deforestation and forest degrada-
tion imply loss of all forest ecosystem services including
the role as a carbon sink. Historically, this risk has been
managed by applying the principles of sustainable forest
management. The principle of harvesting less than the
annual increment has been consistently applied in the
four countries since World War 2 (Fig. 3). Theoretically,
harvest rates below 100% can be extracted from the for-
ests indefinitely.

Increased use of wood biomass for energy has not
led to deforestation or a declining stock of timber. The
annually harvested volume has consistently been lower
than the annual increment by a wide margin (Fig. 3) and
cleared forest areas have been rejuvenated. In addition,
the four countries have completed ambitious afforesta-
tion programmes expanding the forest area and thereby
recovering from preindustrial deforestation (Fig. 4).
The results of these programmes are now seen as large
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cohorts of mature timber stocks, enabling higher, but still
sustainable, harvest volumes.

In Sweden, Finland and Norway as well as the EU as a
whole, the standing volume of timber increased not only
from 1950 to 1990, but also in 1990-2016, when the use
of bioenergy expanded considerably.

Risks to carbon stocks

The risk of releasing carbon stored in forest biomass to
the atmosphere has been addressed in the conceptual
framework of a “carbon debt” and its “pay-back time”. The
original use of the “carbon debt” concept referred to per-
manent clearing of natural forest making way for fields
for energy crops. The carbon debt is the gap between this
one-time release of CO, from forest carbon pools and
the cumulated emissions that are avoided by substitut-
ing petrol and diesel with biofuels based on crops from
the fields. It can take up to centuries for these cumulated
emissions savings to close the gap. This is referred to as
the “pay-back time” [47]. This conceptual framework has,
however, also been used to claim that forest-based energy
always or for the most part leads to loss of carbon pools
(10, 11, 41, 42].

The debt and pay-back analogy borrowed from eco-
nomics is an apt analogy describing the harvesting and
rejuvenation phases of the cycle of harvesting, rejuvena-
tion and growth to maturity. Describing the cycle in full
requires the completion of the analogy with the accumu-
lation of “carbon worth” while paying back the carbon
debt. The net emissions of a forest area to the atmosphere
depend on the balance between the part of the forest area
that is felled (releasing CO, and incurring carbon debt)
and the part of the forest area that still grows (removing
CO, from the atmosphere and building carbon worth).
Removing and emitting the same quantity of CO, from
the cycle in a given area is equal to keeping the carbon
pools in the area constant. The net emissions from a
given forest area are negative when removals exceed
emissions and can be inferred from changes in carbon
pools.

The risk of carbon loss from soil carbon pools due to
forest clearing is difficult to assess for several reasons.
Increased decomposition in the soil organic layer may
lead to a reduction in the carbon stored there, although
this may be compensated by increased organic carbon in
the mineral soil [48]. The long-term impact of whole-tree
harvesting for bioenergy on soil organic carbon (SOC)



Hansen et al. Energ Sustain Soc (2021) 11:20

stocks in boreal and northern temperate forest ecosys-
tems is often, although not always, negative compared
to conventional stem-only harvesting [49] and there is
still a need for more knowledge on the controlling fac-
tors. Stump harvesting, which is practised largely in some
areas of Finland, can reduce the SOC pool in the short
term, although longer-term experiments (32-39 years)
could not verify any significant SOC decline [50].

The net emissions including changes in biomass and
soil carbon pools are, however, negative in Sweden, Fin-
land, Norway and Denmark. The uncertainties in the risk
assessment will probably not change the overall result,
that net emissions despite high and increasing use of
wood for bioenergy have been negative in all four coun-
tries (Fig. 5).

Figure 5 shows that the carbon pools of forests have
been growing alongside the growth of bioenergy con-
sumption. Net emissions from forest have been negative
in Sweden, Finland and Norway since 1990. The carbon
debt incurred by felling has thus been more than bal-
anced by the carbon worth gain, despite the increasing
use of biomass for energy. These macro-level results are
consistent with the micro-level forest rotation where
phases incurring debt and accumulating worth alter-
nate. Wood flows are carbon neutral as long as the CO,
released from forest stands where felling incurs carbon
debt does not exceed the CO, absorbed by the forest
areas that are not felled but accumulate carbon. The risk
of incurring a carbon debt is primarily managed by keep-
ing harvest volumes at a sustainable level and continuing
the rotation by replanting.

Deforestation and afforestation play minor roles for net
emissions in the four economies. Deforestation has pri-
marily been due to urban expansion, infrastructure and
in some cases, conservation of open areas and crop rota-
tion with Christmas trees [51].

The carbon stock in harvested wood products (HWP)
has also increased during the same period. Harvested
wood products are products such as construction parts,
furniture, paper and board, plastics and chemicals made
from wood as feedstock. This carbon pool is, like the
carbon pools in forest areas, part of the overall carbon
storage.

The sum of all these changes to the carbon stock is
shown as the total forest related net emissions (dotted
curve in Fig. 5). These may be compared to the smoke-
stack CO, emissions from bioenergy to assess the risk
that increasing bioenergy production causes reduced for-
est carbon pools and thus increased atmospheric CO,
concentration. Please note that in Fig. 5, these smoke-
stack emissions are given in both net emissions and CO,
emissions from biomass. Neither a higher harvest volume
nor the increasing biomass combustion is accompanied
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by positive net emissions or loss of carbon pools in any of
the Nordic countries or the EU as a whole (Table 2).

According to the UNFCCC, Denmark’s forests exist-
ing since 1990 have appeared as minor net emitters in
some years, However, methodologies are being revised
to correct mistakes and smoothen annual fluctuations
by use of smoothened averages. These changes will be
implemented in the reporting for 2021 (Vivian Kvist
Johannsen, pers. comm.), with yet unpublished estimates
being provided here in Fig. 5 and Table 2. The forest age
and carbon stocks are currently increasing in Denmark
[52], due to larger amounts of afforestation since the
1950s. Together with continued implementation of the
1989 plan of doubling the forest area, this might counter-
act the effects of postponed harvesting in old beech for-
ests in the future. The postponed harvesting means that
an accumulated amount of mature trees is available for
felling that will expectedly take place in the coming dec-
ades [53].

It is a political rather than a scientific question which
territory, over which time periods and which level of
carbon accounting category, the carbon pools shall be
non-declining to be considered sustainable and the bio-
mass from it carbon neutral. Each country has commit-
ted itself to “conserve and enhance” carbon sinks such as
forests, biomass and other sinks ([54], Art. 4.1.).

If all countries do that on the territory of their jurisdic-
tion, then the carbon pools of the global biosphere will
stop declining and start to increase. The Paris agreement
reiterates these commitments and formulates the 1.5 °C
target for the balance between emissions by sources and
removals by sinks. Specifically, the countries are encour-
aged to implement sustainable management of forests
and to enhance forest carbon stocks ([55], Art. 2.1, 4.1,
5.1-2). The EU has adopted a Land Use, Land Use Change
and Forestry (LULUCF) accounting regulation commit-
ting every member state to “ensure that emissions do
not exceed removals” for the land-use sectors as a whole
(agriculture, forests, wetlands, grasslands) in each of
the periods 2021-25 and 2026-30 (the “no debit rule”)
([56], Art. 4). The implicit sustainability criterion here is
that the carbon sinks of the entire territory of a member
state should be non-declining. The LULUCF regulation,
however, opens for some flexibility for member states
which are not able to meet this commitment ([56], Art.
24). In Denmark, meeting the commitment is a chal-
lenge, in particular in 2021-25 as agriculture is a source
of large greenhouse gas emissions. Emissions from forest
remaining forests are expected to exceed removals in the
2021-25 period as a consequence of deficient afforesta-
tion in the previous decades [53]. An ambitious afforesta-
tion target from 1989 was far from met in the subsequent
decades and the carbon accumulation on the areas that
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Table2 Cumulated forest related net greenhouse gas
emissions (Mt CO,eq) from forest remaining forest, afforestation,
deforestation and harvested wood products, over decades and
the period 1990-2018 in the EU, Sweden, Finland, Norway [129]
and Denmark (pers. comm. Vivian Kvist Johannsen, University of
Copenhagen)

Country/region  1990-2018 1990-99 2000-09 2010-18
European Union — 12,361 — 4207 — 4383 — 3771
Sweden — 1303 — 408 — 453 — 442
Finland —928 — 295 — 356 —277
Norway —710 - 176 — 296 — 238
Denmark —62 —16 —-19 —-27

should have been afforested to balance the CO, emis-
sions from harvesting the now mature forest planted by
still earlier generations is now missing.

When net emissions from existing forests are negative
by a wide margin, it is a direct consequence of keeping
harvest volume lower than the annual increment persis-
tently through decades. This forest management princi-
ple leads to a sustained capacity of a forest area to supply
a constant harvest volume. It is by and large the same
principle that makes wood from such a forest area carbon
neutral. The rotation is in itself carbon neutral and a for-
est area representing a sum of cycles in different phases
can deliver a constant flow of carbon neutral wood,
if there is a balance at any point of time between rota-
tions in the growth phase and rotations in the harvesting
phase. In isolation, the effect on net emissions of increas-
ing the harvested volume of roundwood is a reduction of
the carbon pools and an increase in the net emissions.
However, the forests are still sustainably managed if their
standing stocks of timber and carbon are maintained or
even grow at the landscape level, with this balance being
important in a longer planning perspective.

Figures 3, 4, 5 show how the four countries and the
EU have succeeded in overall sustainable management
of their forests, if this is measured by the considerable
growth of the standing stock and its carbon pools.

Possible scenarios include many possible sustainable
harvesting rates. Reducing the harvested volume by one
million cubic metres will reduce the CO, emissions from
harvesting and increase forest carbon pools. Thus, there
is a marginal trade-off between the harvested volume and
the stored carbon.

This trade-off has been the subject of many studies
applying ad hoc estimates of carbon pool changes and of
the carbon content of harvested wood volume. Here, we
analyse the trade-off comparing macro-level scenarios
developed for the national forestry accounting plans for
Sweden, Finland and Norway [57-59]. In each country,
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the scenario with the highest harvest volume is the maxi-
mum sustainable harvest, i.e. the maximum harvest that
can be taken out of the forest annually without reducing
the standing stock of timber. In recent decades, the coun-
tries have harvested only around 50-70% of maximum
sustainable volume (cf. Figure 3). In addition to the maxi-
mum sustainable harvest scenarios, the analysis includes
business-as-usual scenarios continuing these harvest-
ing rates and scenarios with higher emphasis on biodi-
versity and cultural services of forests with even lower
harvesting rates. Figure 6 shows the result of a standard
OLS regression analysis of the trade-off between remov-
als (additions to the carbon pool) and harvest volume
(extractions by logging) in scenarios generated for each
country. The regression coefficient reflects the ratio of
changes in removals to changes in the harvested volume.

The results show a clear trade-off between the change
of harvest volume and the change of forest carbon
pools. It is, however, not a trade-off between sustained
or diminishing carbon pools. The trade-off represents a
choice between alternative sustainable scenarios, in all
of which removals of CO, from the atmosphere exceed
emissions of CO, to the atmosphere. Lower harvest vol-
umes in some of the scenarios are the result of either
lower timber demand or lower supply due to political
decisions on conservation or setting larger areas aside.

The results in Fig. 6 show that a high growth of for-
est carbon pools can be consistent with high and even
increasing harvesting volumes. Marginally, however, the
negative sign of the regression coefficient, which is con-
sistent across countries, shows that a higher harvest vol-
ume involves a risk of not a loss but of a smaller growth
of carbon pools, i.e. less addition to them. Beyond this
finding, the parameters should be interpreted with cau-
tion as the set of scenarios included in the analysis was
not necessarily the complete set of alternative options in
the strategic choice-set. The regression coefficients are
not comparable since the forest planning models apply
different definitions and assumptions. Notably they dif-
fer by definition of the m®-unit, by the assumed impacts
of global warming on timber stock growth and by the
impact of clearing on soil carbon pools. It is possible to
manage this marginal risk of smaller growth of carbon
pools by combining scenarios.

The harvest volume is a measure of not only the flow
of wood out of the forests, but also the flow of wood
through the economy where it is used, reused and dis-
posed of. This human-controlled part of the biosphere
has been called the econosphere [60], the anthropo-
sphere or the technosphere as a macro-level concept
corresponding to the micro-level life cycle concept. This
more holistic perspective is important in the analysis of
how harvest rates affect the carbon exchange between
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the biosphere and the atmosphere. The pool of carbon
in harvested wood products flowing through the econ-
omy is already included in the carbon pool data analysed
above (Figs. 5, 6). In addition, there are important substi-
tution effects of using wood products rather than mineral
products with a higher energy requirement in production
and of using wood biomass as fuel. These effects have
been measured with displacement factors [61, 62] and
substitution factors [63]. Taking an average of 51 stud-
ies, Leskinen et al. [63] suggest a default substitution
effect of the use of wood in the economy of 1.2 tC/tC in
the harvest volume (including all biomass from forests).
The studies, however, report a wide range of substitution
effects from different uses. Thus, the impact of a marginal
change in the harvest rate may differ according to the
industrial demand causing it. Substituting mineral con-
struction materials, plastic packaging or fossil feedstocks
for plastics and other chemicals may have very different
substitution effects. Moreover, the degree of develop-
ment of the circular bioeconomy is important, due to
thermodynamic fundamentals. If wood biomass is used
first as feedstocks for the above products, then recycled
and then, finally, used to produce fuels or biogas, then
the aggregate substitution effect will be higher than if it
is used initially for energy. Finally, the disposal of wood
biomass after use and recycling is important. If it is dis-
posed of to landfills, it represents a carbon pool until it

decomposes and releases its greenhouse gases to the
atmosphere. If it is used as fuel for district heating, it sub-
stitutes fossil fuels or electricity which in turn can sub-
stitute fossil fuels. Sweden, Denmark and Norway have
banned deposition of biological waste and thereby gener-
ated a market with negative prices for combustible waste
supplying combined heat and power plants [9].

Summing up, the risk of limiting the growth of carbon
pools is not only managed by balancing strategic har-
vesting rates with afforestation programs, but also with
strategies for developing the circular bioeconomy. The
assessment of the climate impact requires a holistic anal-
ysis of not only the production and harvest of wood, but
also its use, reuse and disposal.

Frameworks for management of ecological sustainability
risks

With industrialisation, the supply and use of coal and
steel lifted some of the unsustainable harvesting pressure
off the forests. The following restoration of forests in the
four countries, however, did not follow automatically, but
was a result of carefully developed policies and institu-
tional frameworks. In other words, the risks of deforesta-
tion, forest and soil degradation, and later biodiversity
loss etc. were managed by laws, regulations and industry
standards. Through the 19" and early twentieth centu-
ries provisions for sustainable forest management were
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gradually laid down in forestry legislation in the Nordic
countries, such as the 1903 Forest Act in Sweden [64],
the 1932 Forest Protection Act in Norway [65], the 1886
Forestry Act in Finland [66] and the Forest Conservation
Act of 1805 in Denmark [67]. Provisions on replanting
or natural regeneration after felling and sustainable har-
vest volumes have been further developed since then and
the concept of sustainable forest management has been
expanded to cover other services of forest ecosystems
such as regulation of hydrological flows, biodiversity and
space for recreation. Together with afforestation pro-
grammes, these measures have created the large standing
forests in Finland, Sweden and Norway that are becoming
ripe for felling in the coming decades. In Denmark, affor-
estation and reforestation have been continuously ongo-
ing since the late eighteenth century [68]. After reaching
a low point of 4% at the beginning of the nineteenth cen-
tury, the forest cover had grown to 12% in 1989, when it
was decided to double the forest area by the end of the
twenty-first century. A rate of 3000-4000 ha/yr is esti-
mated in the coming decades (Vivian Kvist Johannsen,
University of Copenhagen, pers. comm.) Through most
of the 20" Century, regulation was largely prescriptive
with a focus on production of raw materials for the wood
industry. It might be assumed that this approach would
provide the most effective means of guaranteeing sus-
tainability for the consumer. However, since the later part
of the century, there has been a trend towards deregula-
tion together with additional mandatory environmental
goals [69]. This trend could be due to the increasing com-
plexity of the goals to be achieved, with multiple goals
making it difficult to regulate prescriptively, especially on
a local scale, and increasing the risk of unintended effects
[70, 71]. In a European or global perspective, there are
contrasting approaches between countries, with some
favouring a more prescriptive approach while others,
including the Nordic countries, rely more on voluntary
market-based approaches [71].

The most important European legislation on the sus-
tainability of forest-based energy is the common Euro-
pean Economic Area (EEA) legislation, notably the
renewable energy directive [43] and the ILUC/fuel qual-
ity directive [70]. The renewable energy directive states
in the preamble (§102) “Operators should take the appro-
priate steps in order to minimise the risk of using unsus-
tainable forest biomass for the production of bioenergy.
To that end, operators should put in place a risk-based
approach. In this context, it is appropriate for the Com-
mission to develop operational guidance on the verifi-
cation of compliance with the risk-based approach by
means of implementing acts” This approach differs from
that of the renewable energy directive from 2009 [72],
which did not accept risk-based approaches to show
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compliance with sustainability requirements for liquid
transportation biofuels.

Imported forest biomass may be more vulnerable to
sustainability risks due to lack of transparency upstream
in the supply chain. These risks are managed with provi-
sions in the renewable energy directive ([43], p. 6) requir-
ing biomass harvested from forests to comply with basic
principles of sustainable forest management, including
regeneration and maintaining the long-term productive
capacity of the forest. The EU Timber Regulation [73]
uses a risk-based approach to minimize the risk of ille-
gally harvested timber and timber products entering into
the EU market and requires buyers to implement a due
diligence system. The Forest Law Enforcement, Govern-
ance and Trade Action Plan [74, 75] aims at preventing
bioenergy supply chains originating in unsustainable for-
est management and the EU Commission has launched
an initiative to improve these instruments for EU import-
ers of biofuels [76]. National legal requirements have
also been developed in some European countries [77]. In
Denmark, sustainability of biomass for energy was gov-
erned by a voluntary agreement and system from 2016—
2019, but a political agreement was made in 2020 to put
it into a legal framework with additional requirements
[78].

European forest managers may choose to be guided
by a range of forest management or biomass standards,
including the Programme for the Endorsement of Forest
Certification (PEFC) [79], the Forest Stewardship Coun-
cil (FSC) [80], the CEN and ISO standards for sustainably
produced biomass for energy applications [81, 82], and
the criteria and indicators of intergovernmental coop-
eration bodies such as Forest Europe [33]. The standards
overlap to a large extent and provide guidance on how the
overall EU sustainability criteria can be implemented. In
the Nordic countries, PEFC certification covered 49, 80,
57 and 30% of the total forest area in Denmark, Finland,
Norway and Sweden, respectively, while FSC certification
covered 39, 2, 2 and 37% respectively, in data collected
in 2014 [83]. Thus, it appears that different certification
systems are prevalent in different countries, although the
reason for this is unclear. According to Maesano et al.
[83], 72% of Finnish public forest and 90% of Finnish pri-
vate forest were certified in 2015.

An alternative to forest management unit (FMU)-based
certification systems such as PEFC and FSC is a certifi-
cation based on a risk assessment of the sourcing area,
region or country, in which verification of low sustaina-
bility risk is conducted as a desk audit, with requirements
for additional documentation for indicators assessed with
specified risk [71]. As stated above, the renewable energy
directive [43] accepts a risk-based approach. Certification
systems that use national and regional risk assessments,
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such as the Sustainable Biomass Program (SBP) [84], are
already accepted for showing compliance with national
sustainability criteria in some EU member states, includ-
ing Denmark, and, temporarily, the Netherlands, as well
as in the UK [71]. The FSC uses risk assessment in its
“Controlled Wood” certification, which is used to con-
trol uncertified forest materials from the assessed area
so that those materials may be mixed with FSC-certified
materials and used in products that carry the FSC Mix
label [85]. It is not known whether sustainability goals are
achieved more effectively through FMU- or risk-based
approaches to verification [71]. It should be noted that
FMU-based verification will in practice also involve an
element of risk assessment, as a full auditing of all indica-
tors is impractical [71].

Currently, national or regional forestry related risk
assessments are conducted to show compliance with the
EU Timber Regulation for legality [72, 86], Forest Stew-
ardship Council (FSC) Controlled Wood [85], and SBP
certification [84]. Some certification bodies, such as Pre-
ferred by Nature (previously NEPCon) [87], handle all
three types of risk assessment, as well as FMU level certi-
fication under FSC and PEFC. Requirements for different
certification systems overlap, so databases built for verifi-
cation of compliance with one system’s standards might
be used to show compliance with other systems’ stand-
ards, even if there may be differences in the required
stringency [71].

Economic sustainability risks
We consider two classes of structural economic risks.
First, the risk of developing a suboptimal renewable
energy economy and delaying the deployment of the
best performing solutions. This risk can be framed as a
risk of picking inferior solutions in a “picking the winner”
dilemma and of a subsequent technology lock-in. Second,
the risk of affecting demand in ways that distort markets
and compete for resources with food and feed produc-
tion and with the new circular bioeconomy solutions.
The transition to renewable energy involves an innova-
tion race, not only between renewable and non-renew-
able energy, but also between the various renewable
energy solutions. The major renewable energy technolo-
gies beside the already developed hydropower technology
include wind, solar and biopower. The primary competi-
tiveness parameters include low costs per energy unit
and low losses of neighbourhood or landscape values.
The development of these technologies depends to a
high extent on the government instruments directing the
transformation. If government support schemes favour
one technology over the others, there is a risk of a tech-
nology with inferior performance crowding out better
performing technologies. This may even lead to lock-in
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of inferior or transitory technologies making it difficult
to correct the misdirected development. The economic
gains of innovation will then not materialise.

Through the 2010s, the cost competitiveness order of
wind, solar and bioenergy has reversed. Globally, average
levelized costs of electricity (LCOE) of newly installed
photovoltaic (PV) power plummeted from 0.38 USD/
kWh in 2010 to 0.07 USD/kWh by 2019. Onshore wind-
power costs were halved from 0.10 to 0.05 USD/kWh
in the same period. Biopower, however, only declined
from 0.08 to 0.07 USD/kWh [88]. The four countries
have managed this kind of risk by developing technol-
ogy neutral support schemes for power from renewable
sources. Already in 2003, Sweden introduced an electric-
ity certificate market where certified electricity suppliers
could compete for market shares that the electricity dis-
tributors were obliged to buy. Norway joined the scheme
in 2012, but did not certify power producers using fuel
combustion technologies [89].

Denmark supported renewable electricity with tech-
nology specific schemes until the introduction of tech-
nology neutral tender for wind and PV suppliers by 2018.
The average subsidy needed for wind and PV projects
in Denmark in 2018 was €3 per MWh [90] and only €2
per MWh in 2019 [91]. Power generation in coal power
plants converted to biomass had been subsidised with
€20 per MWh. These subsidies were abolished for new
plants, whereas already granted subsidies continue until
the plants are written off [92, 93]. According to the Dan-
ish Energy Agency, it is very unlikely that biomass-based
power will ever be able to operate under these conditions
[94]. Similarly, Finland introduced a technology neu-
tral feed-in premium scheme in 2019. The result of the
first tender was that wind power projects won all of the
licences to supply renewable electricity [95].

The system price on the NordPool market (the com-
mon power market for the four countries) has dropped
from an average for 2004-2011 of €39.3 per MWh to
an average for 2012-2019 of €32.3 per MWh. The lower
prices are to a high degree the result of a larger supply of
wind energy. This affects the dispatch of biopower gener-
ators and thus lowers the biopower share of the electric-
ity market. In sum, with a technology neutral renewable
energy support regime and low electricity prices, there is
little risk of government support schemes misdirecting
and locking in the wrong renewable energy technologies.
The risk has been effectively managed.

The development of successors to fossil transport
fuels represents a similar risk of locking in a technology
with poorer properties in the long term than other solu-
tions. Lithium-ion battery technology enables the antici-
pated wave of transformation to electric car transport
in the 2020s. Solid-state battery technology is believed
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to enhance the range of battery powered transport sig-
nificantly. Still, battery technology will probably not meet
the energy and power density required by long-distance
maritime transport, aviation, and some long-haul road
transport. Advanced biofuels are one of the main candi-
dates to meet this demand. The other candidates include
hydrogen in some form used in combination with fuel
cells and hydrogen combined with either nitrate to gen-
erate ammonia or carbon dioxide to generate synthetic
hydrocarbons. The latter two solutions are known as
Power-to-X or electro-fuels and are used to fuel combus-
tion engines [96].

The innovation race between these competing solu-
tions involves a “picking the winner” dilemma. On the
one hand, innovation cannot proceed sufficiently fast
without government support. On the other hand, any
support for innovation involves a risk of locking in a solu-
tion which is inferior compared to the other solutions.
If advanced biofuels succeed, they may require large
quantities of wood as feedstocks. At the same time, the
increasing competitiveness of non-combustible energy
solutions tends to reduce the demand for wood for heat
and power. The four countries participate in the inter-
national development of all three classes of technology;
Sweden and Finland with higher emphasis on biofuels
from waste streams from the forest industries, and Den-
mark with higher emphasis on Power-to-X solutions.
The risks of support to a technology in excess of what
is justified for innovation is managed primarily with the
EU renewable energy directive [43], the state aid direc-
tive [97], and the taxonomy for sustainable activities [98]
being adopted in 2021. When the alternative solutions
have achieved the necessary degree of maturity, and are
ready for commercialisation, they can be supported by a
technology neutral scheme like the schemes for renewa-
ble electricity. In 2021, however, the technologies are still
at an experimental stage, and the outcome of the innova-
tion race is unknown.

The second class of economic risks associated with
excessive use of wood biomass for energy is that the
demand for wood will distort prices in connected mar-
kets with adverse impacts on costs in industries com-
peting for the same resources. This risk is decreasing in
proportion to the decreasing generation of power and
heat based on biomass. However, if advanced biofuels are
successful in the future, this will cause a large increase in
the demand for biomass. The EU renewable energy direc-
tive includes provisions defining sustainable sources of
biomass for biofuels in order to manage the risk of defor-
estation due to direct and indirect land-use change glob-
ally caused by European biofuel and bioenergy demand
[43].
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The business case for using wood biomass for energy is
to use low value wood, i.e., wood with no or little alter-
native use and thus a very low price. Neither trunk parts
below a minimum trunk diameter for pulp-wood nor
tops, branches, small trees from thinning, stumps and
roots, dead and damaged trees or trees with pests and
pathogens meet the requirements for industrial pro-
cessing to wood products. Waste or side streams from
industrial processes including the energy rich black liq-
uor, bark, sawdust and numerous other varieties of wood
biomass are also suitable as fuels. In short, trees, logs and
even sawn planks and boards contain biomass that will
never be used as materials due to low quality but serves
well as fuel. Consequently, the price of wood reflects the
value of its energy content as well as the value of its con-
tent of fibre and chemicals suitable for further process-
ing. The share of the materials fraction in the volume
of processed wood increases as it advances through the
processes in the supply chain. Its value increases as it
becomes still more useful. The share of the energy frac-
tion conversely decreases through the supply chain,
whereas its value per volume unit probably increases due
to lower moisture and higher purity. Generally, the price
of wood varies with the demand of wood for energy as
well as material use. The energy fraction links the wood
price to the prices of energy substitutes, including fossil
fuels.

At the stumpage level (before logging) the value of logs
suitable for sawmills is several times larger than the value
of energy wood (logs with no other use than energy). The
risk of a high demand for biomass for energy use leading
to an allocation of sawmill or pulp logs to energy use can
be assessed by comparing the prices of wood for energy
use and wood for other purposes. If the prices converge,
it could be a sign of change in the market mechanisms
directing the allocation of wood towards energy rather
than materials.

However, despite the increasing demand for forest
biomass for energy use, the Nordic timber markets and
the price ratios between various sorts of timber qualities
have been relatively unchanged through the recent past
(Fig. 7).

The data from Finland show that the price relations
are relatively stable. Forest owners selling saw logs as
energy wood would lose on average 92-94% of the mar-
ket value of their products. The value of pulpwood would
be reduced by around 75% if it was sold as energy wood.

The area below the curve in Fig. 8 (right) shows the
revenues generated by each class of Norwegian forest
products. Most of the volume is pulpwood, but 70% of
the revenue comes from sawlogs, 25% from pulpwood
and 4% from mixed pulpwood and saw logs. Only 1%
of the revenue comes from fuel wood. These figures are
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very close to the similar data for Finland (Fig. 8, left).
The volumes are the total standing sales and delivered
roundwood, but at stumpage prices (that is, excluding
delivery costs). The energy wood products (stumps,
residues, pruned and unpruned stems) are only a
few euros per cubic metre. This price would have to
increase several times over to persuade forest owners
to sell pulp wood as energy wood. The area below the
curve represents the total revenue from roundwood
and energy wood sales. Saw logs amount to 76% of the
total revenue, pulpwood 21%, small sized logs 2% and
energy wood 1% (data for 2014-18) [99].

The considerable and stable price gap between wood
for energy and wood for material use according to
Figs. 7 and 8 makes it unlikely that resource compe-
tition will be a serious risk at this level of the supply
chains. Still, locally and on higher supply chain levels
resource competition could yet occur. Transport costs
are very high compared to stumpage prices and trans-
port costs to various buyers may narrow the price gap
locally. Wood industry waste can be a resource for both
particle board and energy pellet manufacturing [100].

The four countries have experience with managing
such risks. In Finland the subsidy for bioenergy (power)
is reduced by 40%, if the wood biomass is sourced from
logs or pulpwood, requiring a diameter at breast height
of maximum 16 cm for energy wood originating from
felling sites of large-sized trees [101]. In Sweden, the
Wood Fibre Act (1987-92) protected the security of
supply of biomass to the pulp and paper industry in the
face of the expanding bioenergy-to-grid value chains
[102]. It was, however, abolished later as it was found
to be at best obsolete and possibly distorting [100].
Since 1999, tall oil used for heating has been taxed in
Sweden in line with heating oil to secure supplies to the
chemical industry [102]. Now tall oil used for heating is
also taxed in Finland [103]. These observations confirm
that unintended resource competition may occur in
limited markets but has been modest. Moreover, there
are measures that can mitigate the risks and prevent an
unsustainable outcome.

The European Commission found that the implemen-
tation of the National Renewable Energy Action Plans to
2020 would result in a supply gap for solid biomass. The
supply gap would amount to 280 TWh by 2020, corre-
sponding to 15% of EU primary bioenergy supply. How-
ever, the Commission asserts that the risk of a demand
driven price increase is modest and can be managed
by importing pellets from other countries [41]. Pellet
prices did rise in 2017-18 but primarily due to tempo-
rary supply failure and not more than earlier fluctuations
[104]. Thus, at least until 2020, the supply gap has been
manageable.
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The national energy and climate plan for Denmark stip-
ulates a slightly declining demand for solid biomass for
heat and power generation through the 2020s and 2030s
[105]. The Swedish and Finnish governments expect a
slightly higher demand corresponding to the increasing
supply of biomass as sidestreams from industrial pro-
cesses [106, 107]. These expectations correspond to the
expectations of a small and constant supply of biomass-
based power to the NordPool power market [108, 109].

Social sustainability risks

Bioenergy has only indirect links to social imbalances.
Any transformation to climate neutral energy solutions
involves innovation costs. There is a risk that these are
borne disproportionally by some particular groups such
as district heating consumers paying high heating bills or
low income households paying high energy taxes. On the
other hand, bioenergy chains can provide jobs in rural
regions where there is a gap between rural and urban
income earning opportunities. Results on these aspects
for Sweden have been published elsewhere [9].

Bioenergy communities in a glocal context

The bioenergy chains described in the introduction have
been developed by different agents operating in differ-
ent structures. Bioenergy-to-grid chains were primarily
developed around district heating utilities by municipali-
ties, biomass suppliers and in some cases citizen groups
combining their entrepreneurial capabilities. The impor-
tance of such local entrepreneurial networks is now
recognised in the EU’s renewable energy directive as
“renewable energy communities” [43] as distinct from
large and established energy corporations. The directive
lays obligations on member states to remove barriers and
discriminatory practices curbing the actions of renew-
able energy communities. In the four Nordic countries,
favourable conditions for renewable energy communities
were already integrated in energy planning in the 1990s
and 2000s. Hansen and Berlina [9] provide a description
of the development of the sector in Sweden.

The motivating factors behind these bioenergy commu-
nities include local jobs and livelihoods, the local desire
for climate-neutral energy, and reasonable heating costs,
and they depend critically on local political support for
which these objectives are important.

Robertson and others [110-112] criticize the under-
standing of globalization to only emphasize one specific
route of development where cultural homogenization is
dominant, and where micro-sociological or local condi-
tions are ignored. The problem becomes that of spelling
out ways in which homogenizing and heterogenizing ten-
dencies are mutually implicative [112]. It is in the exten-
sion of the identification of this problem that Robertson
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introduces his concept of the glocal or glocalization. Glo-
calization is not about homogenization vs. heterogeniza-
tion or universalization vs. particularization. It is meant
as an analytical concept to move past this dichotomist
way of thinking and rather to conceive them as reciprocal
and complementary trends. A glocalized concept of bio-
energy sustainability risk, linking transnational co-oper-
ation with local practice, is a theoretical challenge, but
may be a useful framework for understanding the risks
faced by bioenergy communities. When local entrepre-
neurial actors join forces to contribute to the mitigation
of global risks, they face risks of economic and technical
nature.

Albrecht [113] found that rationalities may shift
according to level of governance and practice:

Norwegian and EU climate reports and strategies
prioritize the goal of reducing carbon emissions.
However, during their journey to implementation
these strategies are often confronted with the shift-
ing rationalities of various entities and a ‘rationality
jump’ towards economic aspects ... is visible in the
case of Norway. Bioheat development and its mar-
kets are largely based on economic considerations
with only a few exceptions (p. 392)

This shift in rationality may also be understood as a
shift in the understanding of risk. As a bioenergy commu-
nity approaches the actual investment in and operation of
a bioenergy chain, the challenges become economic and
technical.

Regarding economic risks, two of the studied commu-
nities formed on private or citizen initiative went bank-
rupt and had to be reconstructed by the municipality.
Capacity building in economic and technical matters is
important for the success of such bottom-up initiatives.
Ecological risks in terms of local air pollution and heavy
transport are risks when localizing a CHP plant, but the
municipal authorities in the four countries are equipped
with tools to remedy such risks. One of the risks that are
perceived as very important to many of the interviewees
is that the project does not contribute fully to local jobs
and livelihood, but rather to profits of non-local inves-
tors. One example from Troms County is:

Some local politicians had strong focus on how
wrong it could become, with smoke, smell and all the
transport. The most active opponents represented
the asthma and allergy organization. A year after it
was established, however, it was stated in the news-
paper that it was okay. Resistance may also have
been linked to the fact that those who owned the new
district heating plant came from outside, and that
the local power company did not establish first.
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This citation is an example of the complexity of risk
as it opens for different understandings of the mean-
ing of smoke, shifting between ecological and economic
rationalities. In addition, it also relates to the distinction
between the local community and owners from “outside”.
The first two sentences conventionally relate smoke to
the unclean and pollution. In the third sentence smoke
etc. are described as “okay” The last sentence opens for
an alternative understanding of resistance to smoke, as
smoke becomes a symbol and connotes unwanted eco-
nomic activity by actors from outside the community. In
other words: the resistance to smoke in the last sentence
is resistance to the risk of disembedding activity [114],
i.e. lifting economic activity out of the local and socio-
cultural context. We also found a related example when
we asked about different ways bioenergy activity is sup-
ported economically from regional and national grants.

When those grants' came in, and when you pour a
lot of public money into an industry and it becomes
a bit lucrative, there are some that see the opportu-
nity. Some are doing well and others are doing some-
thing that is a bit on the edge. Some cowboys gladly
see the opportunity to earn some money if there is a
chance.

Several of the people we talked to in Troms addressed
the topic of grant schemes. Some of these schemes were
national, whereas others were regionally adapted. The
“cowboy” metaphor was used by several interviewees
relating it to the introduction of the grant schemes. In the
beginning of our interviews, it was not clear to us where
the “cowboys” came from. After some time, we under-
stood that the grants attracted actors from outside the
region with no social or cultural relationship to the area.
“Cowboy” and “Wild West” were metaphors used in this
situation to describe a condition they understood as lack
of regulation and trust and that undermined their own
embedded activity. This indicates distrust for national
grant schemes as they are thought to not fit regional/
local natural and cultural conditions. It shows different
approaches to bioenergy development that can be under-
stood as embedded and disembedded, and it indicates
that different actors in the bioenergy sector make use of
different adaptive strategies.

Our examples show that, in Troms County, how peo-
ple select, understand, act and adapt to risk has impli-
cations for the development of bioenergy communities.
The understanding of risk in bioenergy communities
should be understood as a combination of the global
and the local. How to handle the tension between

! “Energiflistilskuddet’, an energy chips subsidy.
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global regulation and local practice of bioenergy is also
a challenge for policy makers, regulators and techno-
logical entrepreneurs aiming for uniform policies and
technologies.

The development of bioenergy in northern Norway
is characterized by adaptation between tradition and
innovation, and between the global and the local. Our
examples from Troms show how chip-based bioenergy is
socio-culturally adapted to regional and local conditions
and forms of risk, and how these must be understood in
close relation to ecological and economic conditions and
perspectives.

The above economic, ecological and social risks at the
local level may demotivate local actors and the local pub-
lic; not only the actual risks but also the perceived risks.
Perceived risks include the risks of economic failure, of
environmental pollution and loss of local amenities and
of non-locals capturing the economic gains of the pro-
ject. If these local risks are not managed, the project is
unsustainable in a governance sense. Capacity building,
good physical planning tools for local authorities and
local investment funds can be instrumental in managing
the risks.

Synthesis and conclusions

We have examined the outcome of developing bioenergy
chains as the sum of their sustainability risks and the
management of these. In this perspective, the experience
of the four Nordic countries is that the sustainability risks
of bioenergy are manageable and have been managed so
that unsustainable outcomes have been largely avoided at
the general level. They may, however, occur locally, tem-
porarily and in limited markets.

The increasing forest area and its reserves of standing
timber store increasing pools of carbon despite the par-
allel development of bioenergy chains. We have shown
how the risks of deforestation and carbon pool loss have
been managed by sustainable forestry practices includ-
ing the principles of letting tree stands grow to maturity,
harvesting less than the annual increment and replanting
after harvesting. Felling only implies a carbon debt for
the forest as a whole when these principles are not fol-
lowed. The scenarios for harvest rates show that there is
a marginal trade-off between harvest volume and carbon
pools even in countries with sustainably managed forests.
The total climate impact of a change in harvest volume
involves measuring this trade-off against the direct and
indirect fossil fuel substitution caused by using the har-
vested wood biomass for products and fuels. Thus, it is
recommended to accompany the harvesting strategy with
a strategy of substituting fossil fuels and fossil fuel inten-
sive products. Generally, a stronger pressure on ecosys-
tems from harvesting of larger areas must be met with

Page 19 of 23

reinforced risk management measures based on scientific
knowledge derived from experiments [49].

The development of bioenergy technologies involves
economic sustainability risks that are not peculiar to
bioenergy. Their dilemma is on the one hand that gov-
ernment support is necessary for the technology to
develop, but on the other hand that government support
may favour one technology, which may prevail although
it is not the best performing technology. This risk has
been managed by designing the support regimes with
a sufficiently levelled playing field for commercialised
renewable energy technologies. The other class of eco-
nomic sustainability risks includes resource competition
between energy and material uses of wood biomass from
the various steps of the wood processing supply chains.
The data did not reveal any serious convergence of prices
for energy and material use wood. There thus appears to
be little risk of a high demand for the energy fraction of
the harvest distorting the prices and causing allocation of
wood suitable for material use to energy use. This macro-
level result does not preclude distorting resource compe-
tition in local or special markets, but the four countries
have demonstrated that these risks can be managed.

The bioenergy chains developed in the four countries
would not have been developed without the institutional
framework created by governments. This has not been
prescriptive regulation but rather development of an
institutional framework enabling local entrepreneurship
in the context of bioenergy communities and municipal
utilities. Managing the economic and social sustainability
risks is important for the trust and acceptance required
for such local action. Our interviews showed the impor-
tance of economic activity being locally embedded rather
than being perceived to be for the benefit of “outsiders”

As risk in bioenergy communities is a combination
of global and local factors, management of the tension
between global regulation and local practice of bioenergy
is a challenge for policy makers, regulators and techno-
logical entrepreneurs. Prescriptive regulation is unlikely
to be the way forward in a Nordic context: risks must
be managed with stakeholder involvement and empow-
erment at the local level in order to safeguard the legiti-
macy of bioenergy development, and tensions between
globally and locally identified risks must be reconciled.

Natural science cannot see management principles, but
they are real and important. Therefore, an interdiscipli-
nary and holistic view comprising natural as well as social
sciences is necessary for understanding the sustainability
of bioenergy and carbon neutrality of wood. These states
of human-nature interaction cannot be fully understood
from a natural science or social science perspective alone.

The development of bioenergy entails risks of unsus-
tainable outcomes although the development aims at a
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sustainable and climate neutral economy. We use the
dimensions of sustainable development as an analytical
framework for studying the sustainability risks. There
are important sustainability risks in all dimensions of
sustainable development. Whether these materialise as
unsustainable outcomes, however, is a question of risk
management.
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