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Abstract

Background: Energy policies from local to global scale are increasingly questioned in terms of sustainability.
Evidence- and science-based decision making in this field needs a robust and transparent integrated assessment of
policy options. Nevertheless, scientific findings do not lead straight to political conclusions, and the relationship
between science and decision making is a debated issue. The article discusses the main barriers to effective
interaction and communication between scientific enquiry and decision making and proposes some effective ways
to overcome these barriers, starting from experiences in the biomass energy sector.

Results: The article discusses the case of wood fuel, focusing on one of the European hot spots for air pollution,
namely the Po Valley in Northern Italy. It proves to be an interesting case, especially because of the ambiguity
between the positive and the negative aspects of wood burning, which, if not adequately integrated by
information about the specific conditions that influence pollution levels, can lead to opposite political decisions
about the use of wood in local energy plans.

Conclusions: Starting from scientific findings, it is possible to derive guidelines about the best practices to adopt in
order to reduce environmental impacts along the whole wood fuel chain. In this regard, associations of producers
and of consumers and other existing networks (e.g., forestry consortia) can be very useful, either as a source of
information not published in the scientific literature and as intermediaries for translating the knowledge into a
more usable format and to convey information to the final targets identified (e.g., policy makers, firms, and final
users).

Keywords: Science-policy interface; Integrated assessment; Sustainability assessment; Renewable energy; Wood-fuel
chains; Wood burning
Background
Energy policies from local to global scale are increas-
ingly questioned in terms of sustainability. Either from
the perspective of socioeconomic sustainability of the
dependence from fossil resources that are crucial for
the economy and constantly depleted or from the envir-
onmental sustainability perspective related to emissions,
security etc., the concern is not only limited to fossil-
based energy production, but also to renewable energy,
especially when seeking for the best trade-off in terms of
reducing impact while ensuring economic and social feasi-
bility of the proposed options. Evidence- and science-
* Correspondence: valentina.castellani1@unimib.it
1Department of Earth and Environmental Science, University of Milano-
Bicocca, Piazza della Scienza 1, Milan 20126, Italy
Full list of author information is available at the end of the article

© 2013 Castellani et al.; licensee Springer. This
Attribution License (http://creativecommons.or
in any medium, provided the original work is p
based decision making needs a robust and transparent in-
tegrated assessment of policy options.
Concerning science-stakeholder-policy interface, the

key stepping stone has been the Aarhus Convention. In
1998, the UNECE Convention on Access to Information,
Public Participation in Decision-making and Access to
Justice in Environmental Matters, known as the Aarhus
Convention [1], entered into force, granting the public
their rights to access environmental information. None-
theless, the implementation of the convention [2] and
the capability of scientific community to interact in a
trans-disciplinary setting [3] with other stakeholders (be-
ing citizens, local authorities, or policy makers) are still
at their initial stages of development.
In fact, even if stakeholder participation and informed de-

cision making are advocated by many policies (e.g., Strategic
Environmental Assessment directive and Environmental
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Impact Assessment directive), the current level of deep
interaction between the scientific community and the
broader audience (including policy makers) is limited.
The present study aims at depicting the context and the

need of strengthening science-stakeholder-policy interface
to achieve sustainability goals, acknowledging the need of
transparent communication, of translating scientific re-
sults in comprehensible knowledge for a broader audience
and in operational options for decision makers.
After a review of the ‘State of the art in the relationship

between science and decision making’ section and the
‘Main barriers in the relationship between science and de-
cision making’ section, we discuss the case of a renewable
energy source, namely wood fuel, in the ‘Results and dis-
cussion’ section. We take this as an example because wood
as energy source is highly debated for its possible benefits
and drawbacks in term of environmental sustainability,
which strongly depend on the way in which wood is man-
aged along the whole supply chain. ‘The Po Valley hot
spot in Europe’ subsection illustrates the case study in Po
Valley, in Northern Italy, taken as reference because it is
one of the air pollution hot spots in Europe; in the ‘Guide-
lines for wood burning arising from research findings’ sub-
section, we present the main guidelines that can be
derived from current research findings in order to pro-
mote an environmentally sustainable use of wood fuel. Fi-
nally, the ‘Conclusions’ section draws some conclusions
about the means to overcome the identified barriers, up-
scaling the findings in renewable energy sector to a more
wide and general level.
Figure 1 The DPSIR framework [11].
State of the art in the relationship between science and
decision making
The priorities for the sustainability policy agenda have
evolved since the Rio'92 Earth Summit both in regard to
the main themes and to the strategies to be adopted [4].
During the 1990s, sustainability policies were more
concerned about the environmental impacts from the
production side (e.g., air and water pollution, environ-
mental hazards from chemicals), while, since the Johan-
nesburg meeting in 2002, more attention was paid also
to the consumption side and the consumers' choices and
lifestyles [5,6]. In recent years, the attention of citizens
on the issues of sustainability, environmental impacts,
and sustainable behavior has grown considerably [7]. In
parallel, the demand for scientifically sound and trans-
parent information upon which to base consumption
choices and behaviors is growing among citizens. Now,
as we are in the Rio+20 era, there is an emerging de-
mand of concrete actions [8] and stronger implementa-
tion of the existing policies and international resolutions
and for concrete actions to meet the targets set in the
previous year [9].
This point of view requires informed decision making
to ensure effectiveness of the policies and actions under-
taken. At the same time, informed decision making calls
for clear and understandable information from science
(‘usable knowledge’, [10]), based on a deep understanding
of the complexity and the cause-effect chains which rule
the system under study (i.e., the system where the ac-
tions should take place).
The European Environmental Agency in 1999 proposed

the Driving Forces-Pressures-State-Impacts-Responses
(DPSIR) framework (Figure 1) as a conceptual model to
be used in the assessment and management of environ-
mental problems. ‘According to this systems analysis view,
social and economic developments exert Pressure on the
environment and, as a consequence, the State of the envir-
onment changes, such as the provision of adequate condi-
tions for health, resources availability and biodiversity.
Finally, this leads to Impacts on human health, ecosystems
and materials that may elicit a societal Response that feeds
back on the Driving forces, or on the state or impacts dir-
ectly, through adaptation or curative action’ [11]. Follow-
ing this framework, decision makers should be able to
take informed decisions (responses) based on the know-
ledge of the cause-effect mechanisms provided by science.
Nevertheless, scientific findings do not lead straight to

political conclusions, and the relationship between sci-
ence and decision making is a debated issue, which has
been extensively discussed in many disciplines.
Philosophies of science and environmental sociology

(such as those of Robert Merton and Karl Popper) have
long debated the role of science in society and in decision-
making processes, firstly posing high confidence in science
as the source of every solution for improving human con-
ditions and later on questioning the reliability of scientific
results and raising scepticism about science and scientists.
Other studies relate to the discussion about ‘technological
optimism’, which emphasizes the role of technology and
proposes technological efficiency as the solution for
improving sustainability [12,13], and ‘science scepticism’,
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which poses the blame for environmental problems to
the scientific approach and its being too narrowed
about technological improvements without considering
the human dimension of society [14-16]. The debate is
still ongoing, as demonstrated by the essay ‘We cannot
live by scepticism alone’ published in 2009 by Collins [17]
and the related letters published on the following issue of
Nature (see, for instance, [18,19]). Recent studies advocate
also a civil role by scientists in democracy: Dean [20]
states that scientists should understand that trying to in-
terpret the scientific results and to communicate them to
the politicians and to the public is not a waste of time but
a valuable public engagement.
Others discuss the need to network-base the approach to

decision making: Biermann and colleagues [21] propose a
framework for ‘earth system governance’, i.e., the interre-
lated and increasingly integrated system of formal and in-
formal rules, rule-making systems, and actor-networks at
all levels of human society (from local to global) that are set
up to steer societies towards preventing, mitigating, and
adapting to global and local environmental change (p. 279).
Indeed, policy making cannot be based only on factual

and objective information but should consider also power,
interests, values, and norms [22,23]. Therefore a bidirec-
tional relationship between science and policy is needed
and should be based on the exchange of understandable
information. The mutual exchange at the interface be-
tween science and policy has been interestingly modeled
by Turnhout and colleagues [24] as a fuzzy area where
these two domains overlap: scientific knowledge is trans-
lated into usable knowledge for decision makers (policy
makers, businesses, citizens), and policy questions are
translated into research questions that drive the research
to produce guidelines for solving policy problems.
However, this relationship is sometimes questioned with

reference to the modalities in which it takes place. For in-
stance, Vareman and Persson [25] discuss whether or not
a functional separation of risk assessment and risk man-
agement is needed. Elements in support of the separation
are the following: risk assessment is a scientific activity
which should be done independently, following scientific
principles and procedures, whereas risk management is a
decision-making activity that necessarily involves value-
driven decisions (e.g., how to interpret the evidence com-
ing from risk assessment and how to translate it into
prevention or mitigation actions). However, authors in
support of non-separation (e.g., [26]) state that it is not
enough for the risk managers merely to be given the
results of the risk assessment and that ‘a critical under-
standing of tools used for estimating risks enables an un-
derstanding of the actual extent of risk that is or is not
indicated by a given piece of evidence’ ([26], p. 268).
These discussions highlight some common drawbacks in

the relation between science and decision making. Scientific
research can have a role in the promotion of more sustain-
able patterns of consumption and production because it
can provide information aimed to raise awareness about
the impacts of different behaviors and to support more
sustainable choices from different kind of decision makers
(e.g., policy makers, citizens, or entrepreneurs). The chal-
lenge posed to science in this context is to provide infor-
mation that is effectively supporting for decision-making
processes at different scales and that can be easily under-
stood by all the stakeholders involved in the process.
Therefore, the environmental scientist cannot limit its
work to the definition of the problem (e.g., climate
change), leaving entirely to others the task to decide on
how to solve it. The solution has to be evidence based,
following an environmental and socioeconomic per-
spective, promoting a mutual and continuous exchange
both among experts from several disciplines and among
experts and stakeholders [24,27,28].
At present, this exchange is mostly lacking, as demon-

strated by the results of a study conducted by Holmes and
Clark [29] in the UK, which confirm also the results of
previous study in the field of science-policy interface, re-
ferred to the whole European Union (EU) area [30,31].
Even if there is a growing number of scientists hired in
governmental agency (e.g., the Environmental Protection
Agency at different scales, viz. national and regional), ef-
fective communication of the research results is still prob-
lematic. The lack of communication between science,
policy, and citizens can lead to non-evidence-based deci-
sion making, lack of trust, and unsustainable behavior due
to low level of information and awareness.
As explained in the ‘Background’ section, the present

paper, grounded on the previous discussion, aims to
discuss the main barriers to effective interaction and
communication between scientific enquiry and decision
making and to propose some effective ways to overcome
these barriers, starting from experiences in the biomass
energy sector.

Main barriers in the relationship between science and
decision making
Informed decision making should be based on a wide
range of information, which should enable the decision
maker to understand the problem under investigation
and to choose among several alternatives of action which
is the most suitable with reference to the aim of the
intervention and the context in which it takes place.
If we take as an example the well-known climate change

issue, we know that the directions for reducing environ-
mental impacts of greenhouse gas (GHG) emissions for
mobility should suggest preferring walking, cycling, or use
of the public transport instead of private car. However, we
could not compare the environmental impact, i.e., the via-
bility of the different options, without knowing the data
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about GHG emissions from each of them and the effect of
GHG emission on climate change.
In more general terms, in order to tackle an (environ-

mental) issue and to take informed decisions, the follow-
ing are needed:

– A detailed knowledge about the current state of the
system under consideration.

– Information about the uncertainty related to the
knowledge of that state (i.e., about the robustness of
conceptual models used to study the problem and of
data measured/assessed).

– Scenario analysis and identification of the main
elements that can influence future state of the
system under study (e.g., what makes one option
more preferable than others), i.e., which are the
conditions that can determine the optimal
intervention in site-specific conditions [32].

Therefore, science should be able to provide all of the
information to decision makers, or looking at the same
problem from an opposite point of view, decision
makers should be able to derive this information from
the results of scientific enquiry. Nevertheless, there are
some barriers that prevent this information to be effect-
ively delivered/taken (some of which have been already
described in [28,29]):

1. The absence of a defined share of responsibility
between who provides the information and who
takes the decisions (i.e., who holds the responsibility
of informed decision making, e.g., of defining the
emission reduction targets and related climate and
energy policies?)

2. The difficulty, experienced by scientist, to make
decision makers aware about the fact that there is no
optimal solution in absolute terms, but that

(a)One alternative can be better than others

considering some aspects but worse than others
considering other aspects (as what usually
happens with the results of comparative life cycle
assessment studies). It implies that decision
making cannot be based only on objective data
but must necessarily involve a value judgment (e.
g., the choice of the most preferable alternative is
made also upon weighting of the aspects which
are given priority by the decision maker).

(b)Results of the evaluation of the optimal
alternative can deeply depend from site-specific
conditions, such as higher vulnerability of an area
compared to others (e.g., Po Valley is one of the
most polluted areas in Europe especially on
particulate matter (PM) concentration; hence,
actions that imply significant PM emission can be
excluded a priori, even if they could be preferable
according to other criteria.

3. The feasibility of one alternative depends not only
from objective conditions, but also from subjective
elements, such as its acceptability by the local
stakeholders. It again implies that decision making
needs to be based both on objective and subjective
information and criteria.

4. The difficulty in communicating the uncertainty
related to scientific results and the possibility to have
opposite and coexisting scientific positions. At
present, science is not anymore seen as the source
of the absolute truth, and people (i.e., decision
makers) are fully aware that scientific results are
affected by a certain degree of uncertainty and that
scientific theory could be challenged in the future
due to new discoveries and results. However, how to
communicate the uncertainty in a way that does not
prevent decision making is still a debated issue [33].
Moreover, it is important to give decision makers
the appropriate tools to understand that the
existence of two opposite theories could not have
the same importance in the scientific community,
due to the fact that one of them may have only few
supporters, whereas the other may be endorsed by
the majority of scientists.

5. Usually, the information needed to take some
decisions involves a wide range of knowledge; it
means that multidisciplinary cooperation (e.g.,
between environmental and social scientists) is needed
in order to improve the decision support process [34].

6. The communication between science and decision
makers is not a structured activity but usually takes
place only when public opinion raises some
concerns about an argument or when there is a risk
or an emergency to be managed. The main reasons
for this are the following:
(a)Scientists and decision makers speak different

languages and have different background
knowledge, points of view, and priorities; these
conditions hamper the possibility of an easy
understanding of research results by decision
makers [35].

(b)The organization of the scientific community is
based on scientific publication as the main way to
evaluate the research work; therefore, time spent
in communication is perceived by scientists as
time wasted and not useful for their career
[20,29].

(c)Sometimes, politicians as decision makers are not
always willing to refer to scientific knowledge in
their decision process.

(d)Sometimes, scientists are not able, or not used to,
look at the ‘big picture’ and to interpret their
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results in order to give advice on their meaning in
a broader perspective and their use in support of
decision making.

(e)Sometimes, both scientists and politicians define
research activities based on economic interests.
Therefore, scientists and decision makers should
understand that it is neither possible nor useful for sci-
entists to provide information which represents the ab-
solute truth or which can be considered valid in any
condition. The task of science is not to give final an-
swers but to provide the tools that enable decision
makers to make informed decisions, i.e., tools to analyze
situations, to identify cause-effect relationships between
the components of a system, and to predict the possible
outcomes of feasible interventions.
Thus, the most effective way to convey scientific results

into decision making should be to identify which are the
critical aspects of the system under study and which are
the operative solutions that can help maximize the bene-
fits from the management of that system, i.e., defining
warnings and guidelines that should be followed by deci-
sion makers at several levels in order to ensure sustainabil-
ity of the entire system. Guidelines should be the result of
the interpretation of data in a broader context, considering
all the possible options for intervention (e.g., to tackle an
environmental problem or to develop a sustainability pol-
icy) and highlighting implications and effects for all of the
options considered. An example of guidelines is given in
the following section, starting from the experience in the
case of wood fuel chains.
Besides the stated difficulties in communication be-

tween science and policy, one possible way of success in
environmental communication could be represented by
the presence of those intermediaries who have relation-
ships with key stakeholders/decision makers and are able
to translate information for them so that they become
understandable and usable for action [20,29]. As men-
tioned before, the following section discusses this ap-
proach starting from the issue of renewable energy
generation from woody biomass, which can be a contro-
versial matter of discussion in terms of decision making.

Results and discussion
The case of renewable energy from woody biomass
An interesting example of the need of a robust science-
stakeholder-policy interface is related to the use of
renewable energy sources, particularly from woody bio-
mass. Energy resources play a fundamental role in the
world's future. There are many alternative renewable
energy sources which can be used instead of fossil and
conventional fuels. The decision as to what types of en-
ergy source should be utilized must, in each case, be
made on the basis of economic, social, environmental,
and safety considerations. The EU has set seven flagship
initiatives of the Europe 2020 Strategy [36] to increase
economic performance while reducing resource use; to
promote innovation, new sources of growth, and competi-
tiveness; to ensure the security of supply of essential re-
sources; and to fight against climate change and limit
environmental impacts of resource use. In the Biomass
Action Plan [37], the European Commission states ‘Energy
is a key in helping Europe achieve its objectives for
growth, jobs and sustainability.’ Renewable energy in gen-
eral and bio-based renewable in particular have a central
role in this. Indeed, forests could play a key role in en-
ergy policy and in the overall bio-economy [38] because
forests and other wooded land cover 178 Mha in Europe
(42% of the European land), and their growing stock is
estimated in 23 Mmc in 2005. Moreover, 60% of the net
annual increment in forestry biomass is available for wood
supply [39]. However, a sustainable forest management is
crucial in maintaining their potential and their ecosystem
services.
In this perspective, the extensive use of biomass, both

in the residential sector and for electricity production in
power plants, is considered as one of the alternatives to
fossil fuel and is a win-win option in terms of environ-
mental and socioeconomic aspects.
The attention of the scientific community and policy

towards the use of wood as a heating source is steadily
increasing. However, if not managed in a sustainable
way, the use of wood can cause direct impacts from ex-
traction and distribution (such as excessive harvesting
leading to clearance, soil erosion, loss of forest area, and
loss of biodiversity in plantations and secondary forest)
and disturbance to material cycles (such as the reduc-
tion of the carbon storage function). Moreover, while
the contribution of this source of energy can be consid-
ered carbon neutral, its use, especially in low-tech
plants, appears to contribute significantly to air quality
(especially due to PM emissions) both in urban and in
rural areas. Incomplete combustion can produce pyro-
genic emission of trace gases and aerosol precursors
that influence atmospheric chemistry and radiative bal-
ance. The high content of carbonaceous components
makes these kind of emissions very interesting from the
climate change point of view due to the emergence of
elemental carbon which is the primary responsible of light
absorption and, as a consequence, of the direct radiative
effect of aerosol on climate [40]. Moreover, biomass burn-
ing also releases organic compounds which significantly
absorb the high-frequency fraction of the visible and UV
radiation.
Therefore, it is necessary that the choice to promote

wood use as a renewable energy source is made taking
into account sustainability in a broader sense, considering,
for instance, the availability of resources at a local scale
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and the environmental impacts throughout the whole sup-
ply chain, in a life cycle perspective [41].

The Po Valley hot spot in Europe
Po Valley (Figure 2) is a major geographical feature in
Italy. It extends approximately 650 km in an east–west
direction, with an area of 46 km2. In Po Valley, the climate
is typically continental although mitigated by the influence
of the Adriatic Sea and by the shielding of the Alps. The
atmospheric circulation is often stagnant in Po Valley es-
pecially during wintertime, when frequent thermal inver-
sions at low altitude, low mixing layer heights and
prolonged foggy or hazy periods occur. The wind speed is
generally low (the average wind speed is 1.5 ms−1 during
winter and 1.8 ms−1 during summer), and a high rainfall
rate is generally registered during the autumn and winter
seasons. This condition of atmospheric stability leads to
the accumulation of pollutants [42]. In addition, Po Valley
is one of the most industrialized areas of the country.
Therefore, this area is often considered one of the largest
pollution ‘hot spots’ in Europe [43] and is a representative
case for air pollution policies [44].
In Lombardy, the biggest region in Po Valley, about

16% of households have a wood burning appliance, and
generally, it is an old and inefficient system; in fact, only
10% of households are equipped with modern combus-
tion systems (automatic pellet or chip stoves, innovative
log wood stoves) [45].
In Po Valley, the distribution of pollutants tends to be

uniform, losing the dependence on the sources. For in-
stance, in the metropolitan area of Milan, 10% of winter
Figure 2 Image of Po Valley showing air pollutant accumulation.
PM10 concentration [46] and a large part of toxic pollut-
ants (i.e., polycyclic aromatic hydrocarbons (PAH)) appear
as linked to household wood combustion [47], despite of
the fact that only 3% of households use it for domestic
heating. In Turin (main city of the Piedmont region which
has 908,853 inhabitants), which is 120 km from Milan, the
situation is very similar. About 15% of PM10 and 70% of
winter concentrations of benzo(a)pyrene - the most toxic
PAH - were estimated to be caused by wood burning [48].
Therefore, policy responses to air pollution cannot be

addressed only to one source (i.e., to one single driver, re-
ferring to the DPSIR framework), but they need to take into
consideration all the aspects of this environmental problem.
Moreover, since the emission sources are local, but the ef-
fects spread into a wider area, effective policies from deci-
sion makers need to be referred to the entire Po Valley.
Two different and contrasting issues should be taken

into account in order to discuss the wood combustion
policy in Po Valley:

– Stimulating the market in small-scale wood
combustion can contribute to the development of
renewable energy (RE) as required by the national
target for RE.

– Increasing wood combustion could lead to a
worsening of air pollution which is currently
frequently beyond the law limits.

So far, despite the specific local condition demands to
act with integrated assessment and policies throughout Po
Valley, frequently, the regional authorities (Lombardy,
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Piedmont, and Veneto) have addressed the problem in a
different way.
A first bylaw of the Lombardy region (DGR 7635/08)

has prescribed that in urban areas with high population
density and in municipality sites less than 300 m above
sea level in height - and where there are other heat sys-
tems over the stove - there is the prohibition to use fire-
wood in the winter for space heating of buildings in
open fireplaces, chimneys closed, stoves, and any other
type of device which does not ensure an adequate energy
efficiency (≥63%) and low emissions of carbon monoxide
(≤0, 5% = 5,000 ppm). It is also prohibited Combustion
of wood outdoors is also prohibited.
This initiative has been isolated; none thereof were

undertaken in Po Valley. In order to harmonize the actions
aimed at defining a plan for air quality improvement, local
authorities, on the basis of an agreement signed in Octo-
ber 2005 and specified operationally in February 2007,
established a permanent technical board for the activities'
coordination for the management of issues concerning air
quality improvement. In Table 1, the actions taken by the
various local governments are summarized [49].
Nowadays, in Italy, the emission limits for medium- and

large-sized appliances and biomass fuel characteristics are
defined by law (Leg. 152/2006). Contrarily, emission
limits for biomass combustion are not currently applic-
able with power less than 35 kW, i.e., for small house-
hold appliances.
The Lombardy region has intervened independently,

defining a regulation to reduce the environmental im-
pact of wood combustion, with an integrated approach
having the following aims:

– To restrict the use of older and more pollutant
appliances;

– To promote the renewal of equipment in favor of
the most efficient and less emission;

– To regulate the installation and maintenance of
household appliances;

– To spread the use of ‘Best Practices’ for better
combustion of wood in household appliances.
Table 1 Summary of actions taken by the local authorities in

Actions

Friuli Venezia
Giulia

After the third day when the air quality limits are exceede
exception of pellets, with other forms of combustion or h

Bolzano
province

Combustion system > 35 kW required annual emission ch

Combustion system < 35 kW required cleaning of flue thr

Realization of district heating systems fueled by wood has

Trento province Device installations for reducing emissions small existing s

Lombardy
region

Limiting the use of wood-burning plants with low yields i
than 300 m above sea level in height

Piemonte region Combustion system > 35 kW of emission limits is more str
Guidelines for wood burning arising from research findings
A literature review about forestry operations within wood
chains highlights that environmental impacts can be gen-
erated along the whole chain. Indeed, they consist not only
of the removal of woody biomass (i.e., cutting of trees),
but also, among others, of the impacts generated by the
use of forestry machinery and related use of fossil fuels. In
addition, they depend also on the techniques used for the
extraction of wood, the manner in which the cut is made,
including the choice of machines that are used to perform
the felling and handling of stems, as well as the temporal
and spatial planning of silvicultural treatments of forests.
Moreover, when the wood is used for energy production,
the use phase can generate relevant impacts in term of air
pollution emissions, depending on the type of burning ap-
pliance used and the burning conditions (i.e., on the user
knowledge about best practices) [50].
Therefore, to ensure sustainability of the chain, all of

these issues should be taken into account and guidelines
for sustainable use of wood fuel should regard all phases
of the supply chain, in a life cycle perspective, from the
quantification of the biomass available with reference to
the carrying capacity of forest ecosystems, to the choice
of the burning appliances, and their operational mode.
In the following paragraphs, the wood energy supply

chain is taken as an example to explain what should be
the actions to be undertaken in order to make the best
use of scientific research findings as a support to deci-
sion making in all stages of the supply chain. Table 2
summarizes the most important guidelines.

Forest management Sustainability assessment of forest
biomass use should be based firstly on the evaluation of
the carrying capacity (CC) of the forest ecosystem, to en-
sure renewability of the system itself through time [12].
CC of a system is considered as the limit of exploitation of
a resource that does not affect the functions of the system
itself. Due to spatial variability of forest features, site-
specific aspects affecting sustainability of resource use
(e.g., the local accessibility of raw materials and the dis-
tance from the processing plant to the delivery point) have
Po Valley

d, replace the residential combustion of wood (if possible), with the
eating

eck

ee times year

incentives

ystems have incentives

n urban areas with high population density and municipality sites of less

ingent than the national law
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to be considered. In the literature, evaluation of biomass
availability is commonly recognized as one of the first
steps to plan the installation of combustion plants [51-54],
but usually, there is a lack of comprehensive assessment of
CC, which should entail site-specific environmental, oper-
ational, and technical issues that may limit the amount of
biomass that can be sustainably harvested. Therefore, the
best practices in the stage of forestry operation should be
to follow sustainable forestry criteria (e.g., selective cutting
instead of clear-cutting) and to define the maximum
amount of withdrawable biomass according to the site-
specific carrying capacity of the forest ecosystem.
Forestry operations Several studies, mainly using life
cycle assessment methodology, have been carried out in
order to assess the environmental impact of forestry op-
erations (e.g., [55-59]). Michelsen et al. [59] found that
extraction operations and transports are responsible for
85% of the total environmental impacts of a wood-
timber supply chain.
Table 2 Critical issues, guidelines for sustainable use of wood

Elements of
the supply
chain

Critical issues (as result of scientific
research)

Guidelines

Forestry
operations

Amount of withdrawable woody
biomass

Define the amount
according to the c
forest ecosystem

Fossil fuel consumption (chainsaws and
other machinery)

Choose the most e
(e.g., debranching
to reduce fuel con

Impacts on the forest ecosystems (e.g.,
oil emission, clearance, soil erosion)

Follow sustainable
selective cutting in

Choice of
wood-
burning
appliances

Inefficient combustion leads to higher
emission

Develop new and

PM air emissions Install appropriate

Oversizing can lead to a request for
more biomass than what is needed and
what is available in the area

Prefer distributed g
plants

Wood
burning

Inefficient combustion leads to higher
emission

Prefer chip boilers,
stoves instead of o

Pollutant air emissions Substitute old app
(safer and more eff

Carelessness of the log wood-burning
appliance causes high emission
pollutants

Frequent ash remo

Routine maintenan

Correct use of stoves leads to a
reduction in emissions

Proper firing mode

Pollutant emission also depends on the
fuel type

Use forest wood in

Burn only dried wo

Prefer hardwood a
of softwood

Wood log/chip/pellet transport implies
fossil fuel consumption

Buy wood from a s
From a life cycle perspective, fuel consumption and re-
lated emissions proved to be the main source of impacts
along the chain; hence, it is very important to prioritize
the operational mode able to minimize the hours neces-
sary to perform each operation. It was also found that
each technology should be chosen according to the
morphology and characteristics of the area investigated,
and no one method can be assumed as the most suitable
for all conditions. For instance, traditional mechanization
with cable-logging post-delimbing was found to be the
best option for Lombardy areas [60], but through sensitiv-
ity analyses, it was shown that advanced mechanization if
utilized at the top productivity or equipped with diesel
particulate filters or selective catalytic reduction systems
could be the best solution in other cases [61]. The reason
stands in advanced mechanization high productivity that
allows several operations to be performed in a short time.
Therefore, it is important to choose the most efficient
harvesting system in site-specific conditions, in order to
reduce the amount of working hours needed, i.e., the fuel
consumption.
as energy source, and stakeholders to be involved

Target
audience

Possible mediator

of available biomass
arrying capacity of the

Forest
managers
and wood
cutters

Forestry consortium
(including forest planners,
foresters, and forestry firms)

fficient harvesting system
before cable logging helps
sumption)

forestry criteria (e.g.,
stead of clear-cutting)

more efficient technologies Boilers'
producers

Producers' association

emission control devices

eneration instead of big

pellet, and wood modern
pen fireplaces.

Users Citizens'/consumers'
association

liances with new ones
icient)

val

ce of the flue

s

stead of wood waste

od (R.H. < 50)

nd low-resin wood instead

hort supply chain
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Burning appliances In general, old-type wood boilers
cause considerably higher emissions than modern wood
and pellet boilers. The mass concentration of particles was
180 times larger in the worst old-type case (a water-cooled
wood boiler without heat storage tank) compared to the
best modern case (wood pellets) [62].
One of the key innovations to reduce emissions in boiler

design is the use of boilers designed for staged combustion
and gasification. Besides, process monitors (such as those
that monitor temperature, oxygen, and carbon monoxide
levels) can be installed and used with predefined schemes
to minimize emissions and to optimize efficiency as well
as to ensure optimum operating parameters. These system
types allow automatic adjustments of air-to-fuel ratios; re-
distribution of combustion air between the primary, sec-
ondary, and (possibly) tertiary combustion zones; and fuel
feed rates for stable combustion [63].
In a recent work, Nussbaumer [63] summarizes the cur-

rently available technologies that are applied to flue gas
after completion of the combustion process to reduce
emissions of particulate matter from wood combustion.
Nussbaumer concluded that ‘There are several technically
feasible combustion control options available for existing
small- and medium-sized boiler[s] that will reduce emis-
sions. In order to reach these emission levels, boiler opera-
tions must be optimized, and advanced emission control
devices, such as fabric filters, will need to be installed.
Based upon discussions with air quality regulators, it is
likely that the advanced combustion control devices would
be deemed economically feasible as well”.

Wood burning Pellets or wood chip combustion guar-
antees emission levels lower than the logs' wood com-
bustion, and this is mainly due to the following factors:

� Small size of the fuel and its porosity favor the
mixture with combustion air; therefore, there is
more efficient combustion.

� Homogeneity of the fuel (size, humidity) favors the
identification of best combustion conditions.

� Stoves/boilers are equipped with automatic systems
for the control of fuel combustion air ratio.

These conditions do not occur during log wood com-
bustion, especially in small household systems, where the
discretion of the user (e.g., frequency of stove maintenance
operations and choice of wood type) is very high. There-
fore, it is important to promote educational activities in
order to convey knowledge about the best practices of
burning wood. Unlike the wide body of literature available
about the comparison of emissions from several types of
boilers, there are only few scientific publications about the
best practices in using boilers, i.e., in emission dependence
from using conditions; however, the technical knowledge
developed by practitioners (e.g., the Italian Agroforestry
Energy Association (AIEL) [64-66]) can be helpful in iden-
tifying the guidelines to be delivered to the final users:

○ Concerning boilers and stove maintenance, frequent
ash removal and routine maintenance can ensure
optimum performance and can reduce ash
entrainment, which increases PM emissions.
○ Increasing humidity of the fuel causes the increase of
pollutant emission, so it is advisable to use wood with
moisture content lower than 40%.
○ Only wood from forest must be used, avoiding the
use of wood waste (e.g., from packaging and industry
residues) that has been chemically treated and may
result in the emission of pollutants during combustion.
○ Some types of wood, e.g., hardwood or wood with
low resin content, provide better combustion and lower
emissions.
○ Proper firing modes can reduce the emission level: it
is advisable to use lighter devices and turning on the
pile of wood from the top (like a candle) rather than
from below because this ensures cleaner combustion.
Conclusions
It is widely demonstrated that the synergies between those
who produce information and those who should use it for
informed decision making are still barely explored. The art-
icle discussed this issue taking as reference the case of
wood as a renewable energy source, focusing on one of the
European hot spots for air pollution, Po Valley in Northern
Italy. It proved to be an interesting case, especially because
of the ambiguity between the positive and the negative as-
pects of wood burning, which, if not adequately integrated
by information about the specific conditions that influence
pollution levels, can lead to opposite political decisions
about the use of wood in local energy plans.
Some general conclusions can be drawn by the case

study, which can be valid also for a wider range of envir-
onmental issues: (1) the scientific community should be
conscious of the importance of putting the research find-
ings in a wider picture, trying to translate their findings
into practical information to support decisions (e.g., ‘wood
burning can be a source of pollutants if not made prop-
erly; [there are] guidelines to be [followed] in order to
make sustainable use of wood resource…’); (2) it is import-
ant to establish a more permanent relationship between
researchers and decision makers in order to promote a
mutual exchange and feedback, aimed at identifying the
most suitable solutions in the specific condition under
study; (3) in order to promote this relationship, a shift in
the attitude of the scientific community is needed, starting
from the acknowledgment of communication (not only as
scientific publications) as one of the task of researchers
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and the inclusion of communication skills in scientific
education.
In addition, it is interesting to note that when scientific

literature about best practice is not available (e.g., in the
case of wood burning practices), the knowledge may come
from other sources, as it is for AIEL. Moreover, associa-
tions and existing networks can also be very useful as
intermediaries for translating the knowledge into a more
usable format and to convey information to the final tar-
gets identified (e.g., policy makers, firms, and final users).

Methods
Science-policy interface is increasingly considered a key
step for developing robust and effective policies. In order
to explore the interface process, after a literature review of
the ‘State of the art in the relationship between science
and decision making’, the main barriers in the relationship
between science and decision making have been analyzed.
As example, the use of wood resources as renewable en-
ergy source has been selected. This choice is due to the
fact that the use of wood is highly debated for its possible
benefits and drawbacks in term of environmental sustain-
ability, which strongly depend on the way in which wood
is managed along the whole supply chain. Hence, the
wood energy supply chain is taken as an example to ex-
plain what should be the actions to be undertaken in order
to make the best use of scientific research findings as a
support to decision making in all stages of the supply
chain. A real case has been selected in order to highlight
how to transform research finding in operational guide-
lines, systematizing existing knowledge in different re-
search areas and harmonizing input for decision support
or helping identifying trade-off suitable for decision mak-
ing. The case study location (Po Valley, in Northern Italy)
has been taken as reference because it is one of the air pol-
lution hot spots in Europe.
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