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towards healthier communities?
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Summary
• Forest residues are non-merchantable woody biomass found in forests and wood waste from
logging practices and industrial operations, such as sawmills. Forest residues are a
convenient fuel for open-burning and conventional biomass burning systems (e.g., fireplaces
and wood stoves), but more recently have been considered as a fuel for advanced wood
combustion (AWC) integrated energy systems, used for electricity production in addition to
heating.
• AWC systems are defined as wood-fired high-efficiency automated energy systems with air
pollution controls. Favored for use in Europe, they supply heating at economically achievable
conditions, use wood resources efficiently, and can be an integral part of district energy
systems.
• Emissions from open-burning and conventional biomass burning systems may contain such
air contaminants as carbon dioxide (CO2), elemental carbon, polycyclic aromatic hydrocarbons
(PAHs), benzene, aldehydes, polychlorinated dibenzo-P-dioxins (PCDDs), and free radicals,
as well as particulate matter (PM). In comparison, emissions of PM, carbon monoxide (CO)
and volatile organic compounds (VOCs) from advanced wood combustion (AWC) systems,
such as gasification, are considered to be an order of magnitude lower than conventional
combustion systems.
• The quantity and chemical composition of airborne pollutants emitted from biomass burning
depends on combustion characteristics and operating conditions, such as complete
combustion, more likely with AWC systems, which leads to lower levels of pollutants and likely
lower toxicity. Hygroscopicity (ease of absorbing water) is an important characteristic of PM
originating from complete combustion, which reduces the probability of PM deposition in
lungs, and therefore PM induced toxicity.
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• District heating systems, as an application of AWC, may increase health risks for local
populations due to their proximity to emission sources.
• Since these systems are rapidly growing in Canada, more epidemiological and experimental
studies are needed to evaluate the population health impacts of adopting AWC systems.

Introduction
Energy demands are an issue with growing populations and development. In order to secure
energy supplies in a sustainable way, indicators such as greenhouse gas (GHG) emissions, land
and water use, availability, efficiency, costs, and social implications need to be considered.1 A
most important outcome to be determined is the health of the population affected. Advanced
wood combustion systems (AWC), defined as wood-fired high-efficiency automated energy
systems with air pollution controls, are widely used in Europe. AWC systems may be attractive
for implementation in North America for heating at economically achievable conditions, allowing
more efficient use of wood resources and through means of district energy systems.2 An
integrated assessment approach, which implies simultaneous evaluation of system performance,
characterization of emissions, and consideration of exposure scenarios, is suggested in order to
evaluate potential health effects from exposure to AWC emissions due to the proximity of such
systems to population centres.3
Based on a review of published literature, government documents and conference proceedings
(search methods are provided in Appendix A), this document summarizes current knowledge on
exposure characteristics and potential health impacts resulting from using forest residues as a
fuel source for energy generation. This document is intended for policymakers who need to make
informed decisions on biomass energy choices.

What are forest residues?
Biomass in its broadest definition includes all living matter, such as plant material, and vegetation
and agricultural waste that could be used as a fuel or energy source.4
Forest residues refer to a non-merchantable woody biomass, such as tree species and residues
from logging practices, including roadside and in-forest wood. In addition, forest residues from
industrial operations, such as mill wood waste (sawdust, shavings, bark), are commonly
considered as woody biomass - convenient for use as a fuel or energy source.

Biomass energy sector
Non-hydro renewable sources account for 1.6% of Canadian total electricity generation,5 of which
60% is attributed to generating capacity from renewable biomass alone.6 In the U.S.A., biomass
plants are used for electricity generation for less than 1% of the grid.7 In contrast, European
countries such as Germany, U.K., Finland, and Sweden were the largest producers of electricity
generated from woody biomass in 2005.8,9 Finland, for instance, has achieved biomass-based
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electricity generation of about 11% (9) to 20%10 of its total electricity consumption and has
already developed bioenergy-based technologies from the forest industry sector.11
More than 400 million hectares of Canada’s land (44%) are forests; most under provincial
jurisdiction. The largest user of biomass (mostly forest residues) for energy is the Canadian
forest products industry which generates almost 60% of its energy from this renewable source.6
An Inventory of the Bioenergy Potential of British Columbia12 identifies forest residues from
industrial operations, such as mill wood waste (sawdust, shavings, bark), and forest residues
from logging practices, as significant woody biomass resources in British Columbia. Other
studies evaluated pine beetle damaged wood as an additional forest residues-type of feedstock
for energy13 and considered its impacts on the forest sector and province’s economy.14

Biomass to Bioenergy Conversion
The use of biomass for energy is not a novel idea; however, it was often perceived less
convenient for handling, transport, storage and processing than fossil fuels, expensive, and
variable in net energy yields and land use requirements.15 On the other hand, biomass is a
renewable resource and close to carbon neutral (balance between plants’ intake and emissions
of carbon dioxide), which makes it attractive for energy use when addressing climate change in
challenging times. Forest residues are being combusted in many ways – from open-burning, that
commonly involves uncontrolled forest fires, land clearing burning, prescribed burning, and
household burning in stoves and fireplaces, to industrial advanced integrated energy systems for
heating and electricity or even commodity chemicals production.16,17
The main woody biomass to bioenergy conversion pathways are described below18:

Direct combustion refers to the process of fuel (biomass) oxidation resulting in heat as a
primary energy product. Biomass can be processed to take the form of small pieces, briquettes,
pellets and similar which improves the quality of feedstock in terms of reduced moisture,
concentrated energy, ease of handling and transportation, and lower emissions of air pollutants.
In industrial conditions, heat can be directed to turbines to drive generators for production of
electricity.

Pyrolysis is a process of converting biomass into primary products: bio-oil, char, and syngas
under high temperatures (around 700°C), and absence of oxygen. Syngas (synthesis gas) is
further used in energy recovery systems for heat and power generation or through product
recovery processes for synthesis of different chemicals.

Gasification is a process of thermochemical conversion of biomass into flammable gas mixtures
known as “producer gas” (synthesis gas) at high temperatures of 750°C to 850°C and with leaner
than stoichiometric oxygen supply. Producer gas can be further used for heat and power
generation but also as a feedstock for production of fuels and chemical products.
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The status of development and utilization of biomass technologies
Cogeneration of heat and electricity, known as Combined Heat and Power (CHP) biomass
combustion-based systems, is an economical option which has been advanced in recent years.
Such systems have already been commercially implemented for medium- and large-scale
applications, such as district heating systems, wood industries, and industries with a high
process demand with respect to heat and cooling.8,19 More specifically, for large-scale CHP
plants generating more than 2000 kW (b) of electric power, the steam turbine process (a process
that converts thermal energy from steam to mechanical energy to drive an electrical generator) is
prevalent. An Organic Rankine Cycle (ORC), a steam engine that uses heated vapour of an
organic chemical instead of steam, is a technology applicable for medium-sized plants generating
between 200 and 2000 kW of electricity based on biomass combustion8 and is a promising
technology for micro-CHP plants producing a few kW of electricity.20
Gasification-based biomass systems are still mainly applied as pilot or demonstration projects.8,9
Biomass Integrated Gasification Combined Cycles (BIGCC) technologies are entering the market
as a promising technology with respect to economic and technical performances.9,21
Small-scale distributed electricity generation (DG) technologies, configured as a number of smallscale distributed plants rather than conventional large-scale centralized power plants, have been
promoted in order to meet local energy demands. These technologies include fuel cells,
microturbines, internal combustion engines, and turbines.22 Other technologies are also
available, such as co-firing in conventional fossil-fuel power plants23 or biomass mixtures with
densified woody biomass (e.g., pellets)24 and polygeneration system (an integrated energy
system where a variety of products such as: heat, electricity or even chemical products are
simultaneously produced).16

Air Emissions, Exposures, and Health Impacts from Woody Biomass
Conversion
Forest residues are considered the most competitive source of bioenergy and an economically
attractive option for further investments, because of the predicted lower production cost of
biomass-based electricity when integrated in industrial forestry processes, as shown in European
studies.11 Nonetheless, there are challenges associated with biomass-related emissions. Some
studies pointed out that chemical composition of emitted pollutants can vary with tree species
burned.25 Biomass feedstock composition plays a role in emissions and subsequent health
impacts; industrial bio-wastes have higher levels of sulphur oxide and nitrogen oxide emissions
than forest feedstock. When used, forest residues can lead to cleaner conversion with lower
pollution levels and higher process efficiency than industrial and municipal bio-wastes, resulting

(b)

kW - kilowatt
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in potentially lower toxicity of emitted pollutants. However, there is evidence that quantity and
chemical composition of airborne pollutants emitted from biomass burning will also depend to a
large extent on the combustion technology and operating conditions, as discussed below.

Emissions Characterization
Conventional and open burning
Emissions resulting from incomplete combustion, such as forest fires, household fireplaces, and
wood stoves are well documented in the scientific literature.These emissions may contain
particulate matter (PM), oxides of sulphur (SOx), nitrogen oxides (NOx), carbon dioxide (CO2 ),
polycyclic aromatic hydrocarbons (PAHs), benzene, aldehydes, carbon monoxide (CO),
formaldehyde, Polychlorinated dibenzo-P-dioxins (PCDDs), and free radicals.26,27 Burning solid
fuels, such as woody biomass in household cookstoves (as practiced in some developing
countries), results in a variety of pollutants and Products of Incomplete Combustion (PICs), with
some being carcinogens.27,28 Data from the United States Environmental Protection Agency (US
EPA) indicate that average emissions of fine particles are lowest for gas furnaces (0.0083
lb/MMBTU heat output), 40 times higher for pellet stoves (where emission of PM will be inversely
proportional to the fuel load),25 and up to 2000 times higher for wood burning fireplaces.29
Biomass as an energy resource is attractive because of its potential to help achieve climate
policy targets30 due to lower GHG emissions when compared to fossil fuels. However, an issue
with biomass burning (combustion), particularly under uncontrolled combustion conditions, is the
generation of black carbon (BC), which is a product of incomplete combustion that absorbs solar
radiation. When combined with other radiation absorbing short-lived species, such as ozone, BC
may contribute almost as much as carbon dioxide GHG emissions.31,32 In order to estimate net
BC climate impact, an offset by solar radiation reflecting species, such as co-emitted organic
carbon (OC), sulphates (SO4), and nitrates (a product of atmospheric photochemistry), should be
considered.32
Evidence shows that quantity and chemical composition of airborne pollutants, emitted from
biomass burning, will depend to a large extent on combustion characteristics and operating
conditions; complete combustion (higher than stoichiometric level of oxygen) leads to lower
levels of pollutants and likely lower toxicity. In industrial boilers, where combustion conditions are
controlled (temperature, and amount of air or air/oxygen available for combustion), emissions of
PM can be decreased providing the flue gas is cleaned in order to comply with specific emission
standards.33 Smaller, high temperature combustors, with refractory-lined chambers, will minimize
particle emissions as opposed to large fluidized-bed combustors which add some silica particles
(worn from the sand bed) to their total emissions.33 Also, in an experimental study, emissions of
PM associated with wood chip burners were found to be largely dependent on burner operating
conditions, such as level of combustion air supply; too low or too high combustion air levels result
in emissions of larger particles at increased concentrations.34 Improvements in woody biomass
characteristics (e.g., moisture content and uniform fuel quality, such as pellets) and
complementary boiler designs can lower emissions of particles by 80% as compared to older
firewood boilers.35

March 2012

National Collaborating Centre for Environmental Health

5

Wood smoke particles include organic carbon (hydrocarbons and derivatives), soot (elemental
carbon and condensed organics), and inorganic ash (alkali salts) categories based on
physicochemical characteristics and combustion conditions.35 Particles from incomplete
combustion (as evaluated for wood pellet burners) are more complex in composition with organic
(carbon-based) content of about 85% and are relatively large in size as compared to particles
from complete combustion with carbon content less than 1%.
Elemental and inorganic-phase particle distributions are predominantly in a submicron range and
are typically composed of potassium, sulphur, and chlorine while with bark burning potassium
and sodium predominate.36-39 The amount of inorganic fine PM is associated with ash-forming
elements during combustion and during the cooling stage of flue gas.25 These findings are in
agreement with other studies which claim that dry wood, such as shavings, wood chips or pellets
when combusted, will contain potassium and sulphur in emitted submicron-sized particles and
calcium in a coarse fraction of emitted particles.
Advanced Wood Combustion Systems (AWC)
Gasification converts solid fuels into combustible gases, such as methane (CH4) or syngas [a
mixture of hydrogen (H2) and carbon monoxide (CO)] through a series of interconnected
reactions. Recent studies40,41 showed that improvements in technology, such as gasification
through decoupling reactions (i.e., controlled individually), can significantly improve gasification
process efficiency by optimizing reactions, resulting in better product (syngas) and reduced
emission levels, including sulphur (with use of coal as a fuel) and nitrogen.42 One study
concluded that emissions of sulphur dioxide (SO2), nitric oxide (NO), benzene (C6H6) and toluene
(C7H8) can be detected if a biomass fuel mixture contains more industrial waste-products, such
as olive pomace (olive waste), than forest residues. Co-combusting biomass with coal to produce
electricity reduces CO2, NOx, and SOx8,43,44 even with a biomass to coal fuel ratio as low as 10%
on a heat input basis.23
Recent studies examined types and characteristics of air pollutants from AWC systems, such as
those based on gasification-based technologies. Emissions of PM, CO, and VOC from such
AWC systems are considered to be an order of magnitude lower than from conventional direct
combustion systems.45 However, in order to meet air quality standards and ensure protection of
human health, installation of engineered pollution-control devices are needed specifically for
PM.46
The net benefits of switching to biomass as a fuel also depend on which fuel is going to be
replaced. For example, if evaluated over the entire life cycle, replacing a natural gas boiler with a
biomass gasification system will result in reduction of generic CH4 and CO2 of fossil origin.
However, there will be increased emissions, especially of PM and NOx in the biomass
gasification stage (a high temperature process favours formation of NOx), which can be reduced
with pollution controls in place. Over the entire life cycle, the harvesting stage of wood for
gasification (which does not exist with natural gas utilization) still remains the main contributing
stage of PM and Nox.45
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Exposure and Health Implications
Conventional and Open Burning
Health effects resulting from exposure to wood open-burning emissions have been extensively
studied over the years. Several earlier review publications addressed health implications due to
exposure to woodsmoke. For example, Naeher et al.26 summarized the literature findings on
emissions, exposure, and health effects (encompassing epidemiological, toxicological, control
human exposure, and occupational studies) resulting from forest fires, agricultural burning, and
residential woodsmoke in developed countries. PM was found to be the most consistently
elevated airborne pollutant of all emissions from burning biomass, reaching even 3 to 4 times
higher concentrations during vegetation fires than during nonfire periods. Fine PM can be
transported over great distances from the fire location. The same pollutant is identified as a major
contributor to deteriorated outdoor air quality, especially during winter months as a result of
residential wood burning. Some case-control studies estimated that PM indoor concentrations
were almost five times higher in homes using wood for heating than in those using gas or
electricity.
Chemical composition and size distribution of particles from biomass burning is of particular
interest as particles are often used as the best single indicator of combustion-induced health
impacts.26 With respect to the PM size, smaller particles (below 2.5 micrometer) can penetrate
deep into the lungs and even the bloodstream. Reduction in fine particles and consequently
reduction in BC and organic carbon (OC) levels have important health implications as, according
to some studies, lower levels of these pollutants can reduce premature mortality.31 Overall, the
scientific studies indicated that both exposure and duration of outdoor and residential
woodsmoke resulted in a variety of increased respiratory symptoms, emergency visits, and
hospitalization.26 Mortality was associated with extremely high PM levels from bush fires.46
Smoke-derived PM levels resulted in increased severity of ongoing disease processes.39
However the composition of PM differs from that emitted from fossil fuels (most commonly used
for health studies), which indicates potentially lower toxicity of PM originated from biomass than
from diesel, for example.), However, more investigation into biomass-specific emission
characteristics is needed in order to evaluate their relative toxicity and health impacts.47,48
Although some intervention studies49 indicated that improved combustion conditions by
replacement of old woodstoves resulted in lower particle emission levels and consequently lower
frequency of irritant symptoms, cold bronchitis, and wheeze in children, there is no supporting
evidence from recent studies that improved woodstove technology reduces indoor PM
concentrations. However, installation of HEPA filters was found to reduce indoor levels of wood
smoke and was related to decreases in systemic inflammatory markers.41,48
Although some cell culture studies show that complete wood combustion conditions decrease
toxicity of emitted pollutants (primarily particles), more experimental studies in humans are
needed to further these findings. A range of physicochemical properties likely influence particleinduced health effects. For example, the deposition and retention of particles in the lung will
depend on their physical characteristics and hygroscopicity (how easily water can be absorbed).
Particles from complete combustion have greater ability to absorb water, making them less likely
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to deposit in the lungs. This may influence the magnitude of PM induced toxicity and resulting
health outcomes. Complete combustion also decreases PM toxicity expressed as cell survival
rate.35,37,38,48
The presence of PAHs, acidic or polar substances in emissions from wood combustion are found
to have mutagenic effects.50 Furthermore, several studies provide evidence of carcinogenicity in
humans as a result of emissions from wood burning. A review based on seven studies conducted
on subjects from North America and Europe, who predominantly used wood as a fuel throughout
a lifetime, reported: “an increased risk of lung cancer compared with nonsolid-fuel users”.51
Furthermore, when controlling for age, smoking, and education, results confirmed an association
between wood use and lung cancer among women, likely due to their time spent at home and
cooking. A 2010 monograph from the International Agency for Research on Cancer (IARC)
classified wood smoke emissions as a group 2A carcinogen (“probably carcinogenic to
humans”).52
In addition to combustion conditions and physicochemical characteristics of emitted pollutants,
the proximity of emission sources and magnitude of emissions are of great importance for
exposure scenarios and subsequent health effects. For example, despite less use, more people
are being exposed to emissions from wood burning in cities than the lower population rural
areas.53
With respect to evaluation of wood smoke exposure for toxicological and epidemiological studies,
reliable biomarkers of exposure are needed, due to variations in exposure-biomarker response
relationship for different types of biomass (softwood vs hardwood species burned), different
combustion conditions, and inter-individual variation in metabolic rates.

Advanced Wood Combustion Systems (AWC)
The US Environmental Protection Agency (EPA) recently announced that biomass plant
emissions will be excluded from regulation for the next three years as more evidence is needed
on biomass-related emission characteristics and impacts. The rationale for this decision was to
allow for new economic expansion through job creation, investments in biomass plant
development, as well as mitigation of greenhouse gas emissions and forest fire prevention.
However this decision has led to controversy, given the potential for health impacts related to
these emissions.7
In studies assessing district heating systems coupled with CHP plants,54,55 impacts of emissions
of NOx and similar (non-CO2) pollutants should be considered at an urban scale. In the same
way, real benefits of distributed electricity generation systems (DG) should be questioned with
respect to resulting local air quality. Different exposures to airborne pollutants emitted from such
systems may be a result of their location in cities whereas conventional centralized systems are
located away from populated areas.22,54 Emissions from stacks, which can be concentrated or
diluted in the local atmosphere depending on meteorological conditions, can impact neighbouring
residents.45 Therefore, it is important to evaluate exposure and not only emissions, in order to
assess health effects of newly developed bioenergy systems. Using intake fraction (iF) as a
metric for exposure has proven useful in other studies evaluating woodsmoke exposures.22 IF is
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defined as the fraction of emitted mass of a pollutant inhaled by exposed people and is
independent of a pollutant emission rate, but will be influenced by an exposure setting. Outdoor
pollutant concentrations at a location will depend on proximity of a source, effective emission
height, and meteorological conditions.22 A number of studies used this method to estimate iF for
wood smoke particles during winter season56 or to compare exposure to particles from domestic
wood burning and other particle sources.57
A summary of findings from a selection of studies referred to in the report is presented in Table 1;
providing an overview of recent studies which addressed major biomass technologies along with
a summary of characteristics and selected impacts.
Table 1. An overview of biomass conversion technologies characteristics, emissions, and
selected impacts
Conversion
type
Direct
combustion

Characteristics and emissions
• Open burning and household
burning which results in high
emissions of primary and
secondary PM (including BC), BC
as a component of fine PM, PAHs,
CO, formaldehyde, acrolein,
PCDDs, free radicals, SOx, NOx,
CO2;
• PCDDs especially released in
forest fires;
• Industrial combustion/Conventional
boilers - controlled conditions
allowing complete combustion
(above stoichiometric air ) result in
reduced emissions of PM, carbon,
and ash. Smaller combustors
(refractory-lined boilers) also
decrease PM emissions
• Co-combustion with other fuels,
e.g., coal – biomass: results in a
decrease in SOx, NOx,

Impacts
Climate impacts:

References
Kreith&Goswami
18
(ed.)

• BC absorbs radiation but
58
Bariet al.(2010)
also reduction in BC
drives photochemistry to
Boman et al.
25
increase sulphates and
(2011)
offsets the climate change
59
Buzcu et al. (2006)
potential
An Information
33
Guide (2011)
Health effects
Combustion conditions:
• As the magnitude of
emitted pollutants is
associated with
combustion conditions,
increased emissions
from incomplete
combustion potentially
lead to higher toxicity
• Complete combustion
results in lower
emissions potentially
leading to lower toxicity
Exposure scenario
• Conventional industrial
emission sources are
usually distant from
populated areas, but
emissions from local
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sources will impact the
affected populations,
depending on local
geography and
meteorological conditions

Advanced
wood
combustion
(AWC)
systems
Gasification

• Overall lower emissions; CHP NOx
still higher than with natural gas,
PM emissions require engineered
controls

• GHG reduction, lower
climate change potential

• Producer gas has a high caloric
value
• Gasification through decoupling
reactions reduces levels of
sulphur(in case coal is used) and
nitrogen emissions
• Co-gasification with coal: reduced
CO2,NOx and SOx, lower content
of impurities, such as NH3 and H2S
in the producer gas

Integrated
systems
(BIGCC)

Climate impacts

• CO2 emissions significantly
reduced compared to other
integrated systems IGCC
(conventional with coal)

Zhang J. et.
40
al.(2010)
Miranda et al.
41
(2010)

Health effects

Genon et al.(2009)

Exposure aspect:

McIlveen-Wright
43
(2011)

• CHP systems located in
urban areas which
consequently increases
the number of people
exposed to emissions;

54

Jonsson&Hillring
55
(2006)
Heath et al. (2006)
Pa et al. (2011)

22

45

• AWC can contribute more
to total iF compared to
traditional plants, when
placed within urban areas
Climate impacts

Corti (2004)

21

•Lower climate change
potential
Health effects
N/A

c

As illustrated in Table 1, even within the direct combustion category there is a diversity of
biomass combustion options, ranging from the higher emission forest-fires and open burning
sources to conventional type of boilers. With controlled conditions, boilers with complete
combustion have reduced emissions, particularly of PM. Lower emissions are also observed with
AWC systems, especially when gasification and BIGCC are involved. With these latter
technologies there is less potential to affect climate change. Little data is available on health
effects associated with AWC systems (and none on integrated BIGCC systems).

Concluding Remarks
The evaluation of particular technologies (fuel type, combustion characteristics, and combination
of technologies) should be accompanied by evaluation of resulting air quality and health risks of
the exposed population.

c

N/A – not available; none of the studies evaluating health effects from BIGCC are identified in this literature review
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In that regard:
• Evidence shows that quantity and chemical composition of airborne pollutants emitted from
biomass burning will depend to a large extent on combustion technology and operating
conditions; complete combustion (higher than stoichiometric level of oxygen) in advanced
biomass systems leads to lower levels of pollutants;
• Biomass feedstock composition plays a role in emissions and subsequent health impacts industrial bio-wastes have higher levels of sulphur oxide and nitrogen oxide emissions than
forest feedstock. Use of forest residues can lead to cleaner conversion with lower pollution
levels and higher process efficiency than industrial and municipal bio-wastes.
• The proximity of emission sources and magnitude of emissions are of great importance for
exposure scenarios and subsequent health effects. Wood burning in residential areas can lead
to a higher fraction of emitted mass of pollutants inhaled by exposed people.

Evidence Gaps
• Several studies indicated that PM composition was shown to be heterogeneous and largely
dependent on combustion conditions and feedstock (type of biomass) used. More experimental
and epidemiological studies are needed to evaluate PM characteristics and associated toxicity
under different conditions of burning biomass.
• Although some cell culture studies show that complete wood combustion conditions decrease
the toxicity of emitted pollutants (primarily particles), more experimental studies on humans are
needed.
• Studies of health outcomes are usually limited to evaluating acute effects. Long-term exposure
data on biomass burning of different biomass combustion methods is needed to evaluate
chronic health outcomes, such as cancer and cardiorespiratory health effects.
• There are insufficient data on emissions from co-processing of biomass and fossil fuels, that
may result in reduced emissions or emissions with different toxicological characteristics.
• Since AWCs are located in larger communities and the number of AWCs is increasing in
Canada, more exposure studies are needed (particularly on new biomass technologies) to
further our understanding of exposures and associated health risks.
• More research is needed on effects of operating conditions on emissions from AWC
applications, such as small biomass district heating plants.
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APPENDIX A: Literature Search Methodology
Online Indexes and Databases
Literature search was based on electronic resources available from the University of British
Columbia library. The following three databases were searched to retrieve literature for this
paper:
Web of Science: An on-line database with multidisciplinary content which consists of: Science
Citation Index Expanded, Social Sciences Citation Index, Arts and Humanities Citation Index,
Conference Proceedings Citation Index- Science http://apps.isiknowledge.com;
http://resources.library.ubc.ca/277
PubMed Central (PMC): An on-line database containing articles in medicine and health
sciences subject areas. It is produced by the National Center for Biotechnology Information
(NCBI) at the U.S. National Library of Medicine (NLM) http://www.ncbi.nlm.nih.gov/pmc/;
http://resources.library.ubc.ca/571
Google Scholar (GS): An on-line un-restricted database containing a broad range of scholarly
literature including peer-reviewed papers, theses, books, preprints, abstracts, technical reports.
http://scholar.google.ca/; http://resources.library.ubc.ca/943

Search Terms and Inclusion Criteria
Text searches were conducted using search terms from a matrix organized as search concepts
(such as, feedstock, emissions, and health) and assigning alternative terms for each concept,
for example: for feedstock – wood, biomass, forest residues. Search terms were then combined
using Boolean logic (AND, OR) to reduce the search results to those considered to be most
relevant to the topic. In addition, “wildcards” were used where appropriate in order to retrieve
variants on terms (e.g., wood*). The selection of retrieved material was restricted to those
published since year 2000 and English language only.
Most literature sources used were retrieved from the mentioned on-line data bases and resulted
in:
a) 403 papers from Web of Science; the number of papers retrieved varied widely
depending on the combination of search terms. For example, when searching for forest
residues AND emissions AND health* only 5 papers were retrieved, while when searching
for energy systems AND emissions AND health* a total of 148 papers were retrieved;
b) 249 papers retrieved from PMC but 165 full text papers; and
c) 400 papers from GS using search terms which retrieved fewer papers in other data
bases; also, particular journals such as Renewable Energy and Biomass and Bioenergy
were searched since 2000 in order to narrow down the search. Abstracts, and in some
cases introduction and/or conclusion sections of all retrieved papers, were read to help
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narrow the number of papers for consideration, based on their relevance to the paper
objectives and inclusion criteria.
Additional grey literature was searched by accessing US EPA, Natural Resources Canada
(NRC), BIOCAP Canada, BC Bioenergy Network as well as recent media releases. Some
publications and articles were recommended by reviewers of the draft report.

Reference software and literature storage
Bibliographic data for the obtained electronic literature was saved using online citation
management software ZOTERO (http://www.zotero.org/) which enables access from other
computers by its “sync” function. Additionally, electronic copies of cited literature were stored on
the hard drive of author’s computer.
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