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Abstract

Keywords: polycyclic aromatic hydrocarbons (PAHSs), residential wood
combustion, gas-particle partitioning, fine particle emissions

Wood and biomass combustion is favoured due to its expected lower
climate impact compared to fossil fuels. However, incomplete combustion
may produce significant emissions of pollutants that are hazardous to
human health, e.g., polycyclic aromatic hydrocarbons (PAHSs). Residential
wood and coal combustion is one of the major sources of fine particles and
PAHs in ambient European air. However, the emission factors of wood-
fired appliances, particularly for PAHs, remain relatively poorly known.

In this study, new information on PAH emissions from different types of
appliances, several operational practices and various combustion conditions
was produced. In addition, the effect of sampling and dilution conditions
on the emissions of PAHs and fine particles were studied.

Overall, the variation in particulate PAH emissions were large.
Continuous combustion appliances such as small-scale pellet boilers had
considerably lower PAH emissions compared to batch combustion
appliances. Sauna stoves had high PAH emissions. More sophisticated and
modern batch combustion devices involving the staging of combustion air
had lower PAH emissions compared to conventional appliances. Poor user
operation was found to cause considerably higher PAH emissions.

Novel method utilizing denuders was used for determining the
partitioning of PAHs between the gas and particle phases. Sampling
conditions greatly affected the partitioning. Correspondingly, due to
changes in the partitioning of semivolatiles, the PM1 mass emissions
measured from diluted exhaust were higher than the parallel total dust
emissions from hot, undiluted exhaust.

With dilutive sampling, more atmospherically relevant sampling
conditions are created, and results that better mirror exposure and
combustion quality are obtained. A precise definition of acceptable
sampling conditions is needed.

The results of this work show that PAH emissions from residential wood
combustion can be substantially reduced by modern technologies.
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CB Chip boiler

CBC Conventional batch combustion

CMH Conventional masonry heater

DGI Dekati gravimetric impactor

DR Dilution ratio

EC Elemental carbon (soot)

ED Ejector diluter

EFC Efficient combustion

FID Flame ionization detector

FTIR Fourier transmission infrared spectrometer
GC-MS Gas chromatography-mass spectrometry
IBC Improved batch combustion

IEBC Inefficient batch combustion

LB Log boiler

LS Log stove

MCE Modified combustion efficiency

MMH Modern masonry heater

MW Molecular weight

NAS National application standard

NC Normal combustion

NMVOC Non-methane volatile organic compound
NT New technology

NTP Normal temperature and pressure, 273.15 K, 101.325 kPa
ocC Organic carbon

OoGC Organic gaseous carbon

OoM Organic matter

oT Old technology

PAH Polycyclic aromatic hydrocarbon

PB Pellet boiler

PM31, PMzs, PM1o Particle fraction consisting of particles whose aerodynamic
diameter is below 1 em, 2.5 em, 10 *m

POA Primary organic aerosol
POM Particulate organic matter
PRD Porous tube diluter

PS Pellet stove



PTFE
PUF
RWC

sc
SIM
SOA
SS
svoc
TEF
TEOM
TEQ
TS
TSP
VOC

Polytetrafluoroethylene

Polyurethane foam

Residential wood combustion

Cooking stove

Smouldering combustion
Selected-ion monitoring mode in mass spectrometry
Secondaryorganic aerosol

Saunastove

Semi-volatile organic compound

Toxic equivalent factor

Tapered element oscillating microbalance
Toxicity equivalent value

Tiled stove

Totalsuspended particles

Volatile organic compound
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1 INTRODUCTION

Wood is a local energy source. Biomass absorbs C®during its growth
which reduces net CO: emission from combustion. Wood fuels are
combusted efficiently and with low emissions in large power plants. In
residential use, on the other hand, very low emissions are achieved using
modern continuous combustion appliances such as pellet boilers (e.g.,
Orasche et al. 2012). Additionally, relatively low emissions can be attained
by combining sophisticated batch combustion appliances with proper
operational practices and high-quality wood fuel. However, wood
combustion in residential units is also capable of producing high emissions
of gaseous and particulate pollutants, e.g., various organic compounds such
as polycyclic aromatic hydrocarbons (PAHs), black carbon and CO (e.g.,
Tissari et al. 2009), that affect air quality and health.

Respirable particles are considered the most harmful air pollutants to
human health in the EU (EEA 2015b). In Europe, the estimated life
expectancy has been reduced by 9 months on average due to ambient
particles (WHO 2013). The size and composition of particles vary
depending on their origin and formation mechanism. The understanding of
the connection between the toxicological properties and chemical
constituents of fine particles remains incomplete (Uski 2014). Nevertheless,
biomass combustion products have been found to negatively affect
respiratory and, possibly, cardiovascular health (e.g., Sigsgaard et al. 2015).

Various particle mass measurement methods are used in wood
combustion emissions research. Different types of methods are also
involved in the upcoming Ecodesign regulation. Sampling technology has
particularly large effects on the semivolatile organic compounds in wood
combustion emissions. The partitioning of these compounds between the
gas and particle phase is strongly affected by sampling conditions such as
the temperature and dilution ratio. Moreover, the measurement technique
consequently affects the gained particle mass results considerably.

In this study, PAH emission factors for Finnish wood combustion
appliances were determined. It was also investigated how the sampling
technique affects the partitioning of PAHs and particle mass emission
results.
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2 AIMS OF THIS STUDY

In this study, PAH emissions from different types of appliances and
combustion conditions were investigated. In addition, the effect of sampling
and dilution conditions on the emissions of PAHs and fine particles were
studied with advanced methods.

The specific aims were the following:

To determine the PAH emission factors for Finnish residential
wood combustion appliances (I, Il, 1l ) which had not been
thoroughly investigated in previous studies and assess the role of
residential wood combustion as a PAH emission source

To determine how the combustion conditions affect PAH
emission quantity or quality ( I, 111)

To obtain novel information on the gas-particle partitioning of

PAHSs in dilution process ( II)

To evaluate the applicability of some commonly used particle
mass measurement methods for wood combustion emissions rich
in semivolatile matter (IV) and to investigate the European
legislation and standardization concerning residential wood

combustion in terms of methodology

11



3 SCIENTIFIC BACKGROUND

3.1 Properties of PAHs

3.1.1 Structures and properties

Polycyclic aromatic hydrocarbons (PAH) compose a large class of
compounds consisting of hundreds of individual substances. These organic
compounds contain two or more fused benzene rings. PAHs contain only
carbon and hydrogen atoms (parent PAHs and their alkyl-substituted
derivatives). The more general term “polycyclic aromatic compounds” also
covers the functional derivatives and heterocyclic analogues, such as nitro-,
hydroxy- and oxy-PAHSs or aza- and thia-arenes (WHO 1998).

The chemical and physical properties of PAHs vary greatly. The pure
compounds are all solid at room temp erature. In ambient air, PAHs are
found in particulate material and in the gas phase, especially lower
molecular weight PAHs. They have high melting points (up to 400 °C) and
boiling points (up to 600 °C), low vapour pressures, very low water-
solubilities and high n-octanol:water (log K ow) partitioning coefficients. The
range of vapour pressures of PAHs covers more than 10 orders of
magnitude. Vapour pressure mostly decreases with increasing molecular
mass. PAHs dissolve in many organic solvents and are highly lipophilic.
PAHs are rather chemically inert compounds and react either by
electrophilic substitution or addition (WHO 1998). Table 1 describes the 30
PAH compounds analysed in this work.

12



Table 1. Selected polycyclic aromatic hydrocarbons (WHO 1998).

Compound Abbr. Molecular Relative Structural
formula  molecular mass formula
Naphthalene Nap C10H8 128.8
Acenaphthylene Acy C12H8 152.2
Acenaphthene Ace C12H10 154.2
Fluorene Fle C13H10 166.2
Phenanthrene Phe C14H10 178.2
Anthracene Ant C14H10 178.2
1-Methylphenantrene 1MPhe C15H12 192.3
Fluoranthene Fla C16H10 202.3
Pyrene Pyr C16H10 202.3
Benzo(c)phenanthrene BcP C18H12 228.3
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Compound

Benz(a)anthracene

Cyclopenta(c,d)pyrene

Triphenylene

Chrysene

5-Methylchrysene

Benzo(b)fluoranthene

Benzo(k)fluoranthene

Benzo(j)fluoranthene

Benzo(e)pyrene

Benzo(a)pyrene

Abbr.

BaA

CcdP

Tri

Chr

5MChr

BbF

BkF

BjF

BeP

BaP

Molecular
formula

C18H12

C18H10

C18H12

C18H12

C19H14

C20H12

C20H12

C20H12

C20H12

C20H12

Relative
molecular mass

228.3

226.3

228.3

228.3

242.3

252.3

252.3

252.3

252.3

252.3

Structural
formula
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Compound

Perylene

Indeno(1,2,3-cd)pyrene

Dibenz(a,h)anthracene

Benzo(g,h,i)perylene

Anthanthrene

Dibenzo(a,l)pyrene

Dibenzo(a,e)pyrene

Coronene

Dibenzo(a,i)pyrene

Dibenzo(a,h)pyrene

Abbr.

Per

1123cdP

DahA

BghiP

Antha

DalP

DaeP

Cor

DaiP

DahP

Molecular
formula

C20H12

C22H12

C22H14

C22H12

C22H12

C24H14

C24H14

C24H12

C24H14

C24H14

Relative Structural
molecular mass formula

252.3

276.3

278.4

276.3

276.3

302.4

302.4

300.4

302.4

302.4
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3.1.2 Health-related properties and exposure

Benzo(a)pyrene is classified as carcinogenic, and many other PAHs are
probably or possibly carcinogenic to humans (Table 2). PAHs may also exert
immunologic and reproductive effects (Bostrém et al. 2002). Short-term
health effects include eye and skin irritation, nausea, vomiting and
inflammation. Long-term health effects include cancer (lung, skin, bladder,
gastrointestinal), DNA damage, cataracts, kidney and liver damage, gene
mutation cell damage and cardiopulmonary mortality (Kim et al. 2013).

The general public is exposed to PAHs through tobacco smoke; polluted
air, water and soil; food and pharmaceutical products. In the non-smoking,
non-occupationally exposed population, diet is often a major source of
PAHs. For example, barbequed and smoke-cured meat, any high-
temperature heat-processed food and vegetables grown in contaminated
soil or exposed to atmospheric fall-out contain PAHs (IARC 2010).

Major sources of PAHs in ambient air consist of the processing of coal,
crude oil and natural gas including coal coking, coal conversion, petroleum
refining, creosote and coal-tar production; aluminium, iron and steel
production; heating in power plants and households; cooking; combustion
of waste; motor vehicle traffic; and tobacco smoking. Small amounts are
released in the production and processing of PAHs. PAHs are used in the
production of PVC, pigments and pesticides (WHO 1998).

Occupational exposure often relates to the use of coal and its further
processing to coke and coal tar. Important sources of exposure are the use of
coal tar and coal tar-derived products in industry. Exposure occurs, for
example, in aluminium production, coke-ovens, the carbon electrode
industry, paving and roofing involving coal-tar pitch, wood preservation
with creosotes, chimney sweeping and thermoelectric power plants using
coal and coal liquefaction (IARC 2010).

PAHs are absorbed into the circulation through the airways, skin and
digestive tract. PAHs with two or three rings are absorbed more rapidly
and extensively than larger compounds. PAHs are widely distributed
throughout the body and rapidly metabolized to more soluble metabolites
(epoxides, phenols, dihydrodiols, quinones, etc.). Reactive PAH metabolites
can form DNA adducts. PAHs are eliminated from the body in the faeces,
via biliary excretion, and in the urine (IARC 2010).
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Table 2. Carcinogenicity, genotoxicity ((IARC 2010) and WHO 1998), and
carcinogenic potencies (Larsen and Larsen 1998) of 30 PAHSs.

Relative potency
(Larsen and Larsen
1998)

Genotoxicity Carcinogenicity

Compound Group (IARC 2010) (WHO 1998)  (WHO 1998)

Nap - (?
Acy (?) No studies

3: Not classifiable as to
Ace their carcinogenicity to (?) ?)
humans

3: Not classifiable as to
Fle their carcinogenicity to - - 0.0005
humans

3: Not classifiable as to
Phe their carcinogenicity to (?) ?) 0.0005
humans

3: Not classifiable as to
Ant their carcinogenicity to - - 0.0005
humans

3: Not classifiable as to
1MPhe their carcinogenicity to + O]
humans

3: Not classifiable as to
Fla their carcinogenicity to + (+) 0.05
humans

3: Not classifiable as to
Pyr their carcinogenicity to (?) ?) 0.001
humans

2B: Possibly
BcP carcinogenic to (+) +
humans

+ positive, - negative, ? questionable, () results derived from a small database (WHO 1998)
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Compound

BaA

CcdP

Tri

Chr

5MChr

BbF

BkF

BjF

BeP

BaP

Group (IARC 2010)

2B: Possibly
carcinogenic to
humans

2A: Probably
carcinogenic to
humans

3: Not classifiable as

to their

carcinogenicity to

humans

2B: Possibly
carcinogenic to
humans

2B: Possibly
carcinogenic to
humans

2B: Possibly
carcinogenic to
humans

2B: Possibly
carcinogenic to
humans

2B: Possibly
carcinogenic to
humans

3: Not classifiable as

to their

carcinogenicity to

humans

1: Carcinogenicto

humans

Genotoxicity Carcinogenicity

(WHO 1998)

+

(WHO 1998)

)

+

Relative potency
(Larsen and Larsen
1998)

0.005

0.02

0.03

0.1

0.05

0.05

0.002

1

+ positive, - negative, ? questionable, () results derived from a small database (WHO 1998)
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Relative potency
(Larsen and Larsen
1998)

Genotoxicity Carcinogenicity

Compound Group (IARC 2010) (WHO 1998) (WHO 1998)

3: Not classifiable as to
Per their carcinogenicity to + )
humans

1123cdP . 2B: F’.OSSIbly
carcinogenic to humans
DahA . 2A: P.robably
carcinogenic to humans
3: Not classifiable as to
BghiP their carcinogenicity to + - 0.02
humans

3: Not classifiable as to
Antha their carcinogenicity to (+) + 0.3
humans

2A: Probably

DalP . .
carcinogenic to humans

+) + 1

3: Not classifiable as to
DaeP their carcinogenicity to + + 0.2
humans

3: Not classifiable as to
Cor their carcinogenicity to (+) ?) 0.01
humans

DaiP . 2B: P_ossmly
carcinogenic to humans
2B: Possibly

DahP . .
carcinogenic to humans

*) + 1

+ positive, - negative, ? questionable, () results derived from a small database (WHO 1998)

Most PAHs with potential biological activity have from two to six
aromatic rings in their structure. The metabolic activation of PAHs depends
on their vapour pressure, adsorption to carrier particles, absorption to
liquid carriers, lipid/agueous partition coefficient and limit of solubility in

19



the lipid and aqueous phases of tissues. These properties are different for
individual PAHs. Whether PAHs are in the vapour phase or particle bound
affects the rate and extent of absorgion of inhaled PAHs. The rate and
extent of absorption of particle-bound PAHs by the respiratory tract
depends on the particle size and the rate of release of PAHs from the
particles (IARC 2010).

In general, carcinogenesis consists of numerous steps and processes
involving genotoxic events (mutations), altered gene expression (epigenetic
events) and altered cell survival (proliferation and apoptosis). PAHs may
act at different stages of the carcinogenic process, exerting both mutagenic
(genotoxic) and epigenetic (non-genotoxic) actions.

Several characteristics of PAHs affect their potent biological activity. One
important property is the metabolic conversion of PAHs to reactive
intermediates that can covalently bind to DNA, RNA and proteins. These
DNA adducts may induce mutations and eventually the formation of
tumours (tumour initiation). In addition, metabolites may react with other
cellular targets and interfere with transcription, DNA replication, and
protein synthesis. Certain PAHs may induce inflammatory processes.
Specific PAHs also have a high affinity for the Ah receptor, which leads to
interference of the biotransformation, growth and differentiation of cells.
Stimulated cell growth promotes chemical carcinogenesis. PAHs have an
inhibitory effect on gap junctional communication. Gap junctions are
intercellular connections that connect the cytoplasm of two cells, allowing
molecules, ions, etc. to pass through (Bostrém et al. 2002).

Certain structural requirements for PAHs to be mutagenic or
carcinogenic have been revealed. Of the PAHs composed solely of fused
aromatic rings, the compounds that have at least four rings and a so-called
bay or fjord region in the molecular structure appear to be more active.
Additionally, substitutions at certain positions may increase or decrease the
biological activity. Certain structures contribute to the reactions of
metabolites, for example, a bay region enables Ah-receptor binding
(Bostrém et al. 2002).

For a practical comparison of PAH emissions, the emission of each
individual PAH can be weighted with a relative potency factor or toxic
equivalent factor (TEF) (e.g., Orasche et al. 2013, Orasche et al. 2012). In this
approach, the potency factor of BaP is valued at 1, and other PAHs are
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classified in relation to BaP based on their carcinogenic properties. The
emissions of individual PAHs are multiplied by their potency factors and
summed in order to obtain their toxicity equivalent (TEQ) values. These
types of factors have been proposed by many authors and institutes; the
relative potencies proposed by Larsen and Larsen (1998) are presented in
Table 2. However, it should be noted that this concept does not consider the
dose; in animal studies, high doses and short exposure times are used
compared to the real-life low concentrations that humans are exposed to for
long periods of time. Additionally, the metabolic interactions of PAHs are
neglected in TEQs (Bostrom et al. 2002).

3.2 Formation of PAHs and their transformation in
the atmosphere

3.2.1 Emission formation in combustion

Emission formation has been previously summarized in more detalil, e.g.,
in Tissari 2008 and Sippula 2010. PAH formation is a complicated process
and is affected by the combustion conditions and fuel properties. Some key
aspects of the wood combustion process are briefly listed.

Wood consists of carbohydrates (cellulose, hemicelluloses),
lignin, organic extractives (fats, waxes, alkaloids, proteins,
phenolics, resins, etc.), inorganic material (ash) and water
(Pettersen 1984).

When wood is heated, the constituents start to hydrolyze,
oxidize, dehydrate and pyrolyze, and combustible volatiles, tarry
substances and carbonaceous char are formed. An exothermic
reaction, flaming combustion, starts when the ignition
temperature of the volatiles and tarry substances is reached.
Wood is gasified, and water, extractives, and decomposition
products of cellulose, hemicellulose and lignin are vaporized.
These substances are combusted either partially or completely in
the flaming zone. During flaming combustion, char is formed.
Flaming combustion ends when the flux of combustible volatile
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substances drops below the critical level required for the
propagation of a flame. As the process evolves, residual solid
char gradually oxidizes (Rogge et al. 1998). The combustion
stages appear simultaneously in a batch of logs, as well as in a
large piece of fuel.

The pyrolysis products of wood ingredients vary. For example,
the pyrolysis of lignin forms phenolic compounds, such as
methoxyphenols, as well as many other aromatic compounds
(e.g., Rogge et al. 1998). In the thermal degradation of cellulose
and hemicellulose, anhydrosugars, e.g., levoglucosan, galactosan
and mannosan as well as furan derivatives, are formed (Simoneit
2002). Pyrolysis and combustion products either react further,
e.g., degrade; oxidize or reduce; or react with each other.

In the complete combustion of C and H, CO2 and H20 are formed.
Wood contains N and S, which form NO, NO 2 and sulphuric
compounds such as SQ. Incombustible constituents such as ash
remain on the grate as bottom ash or suspend in the flue gas (e.g.,
Flagan and Seinfeld 1998).

The complete combustion of C and H requires sufficient mixing
of the fuel and combustion air, ample temperature and residence
time in the combustion zone. The formation of incomplete
combustion products, e.g., CO, organic compounds such as PAHs
and soot (elemental carbon), means that these requirements were
not locally fulfilled (Flagan and Seinfeld 1998).

In the combustion zone and in the cooling exhaust, chemical and
physical interactions between the intermediates take place.
Roughly, compounds grow, form new patrticles (nucleation) and
move into the particle phase via condensation and adsorption.
Additionally, particles interact via diffusion and coagulation, for
example, which result in particle size growth.

A typical feature of residential wood combustion in small units is large
variation of the combustion conditions and emissions (e.g., Tissari 2008). In
general, the temporal variation of emission and flue gas temperatures
during the batch combustion process is large; particle emissions from
incomplete combustion conditions include a wide variety of compounds.
The contributions of ash, organic matter (OM) and elemental carbon (EC) in
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particles vary depending on the combustion phase (e.g., Elsasser et al. 2013,
Eriksson et al. 2014, Leskinen et al. 2014) and combustion conditions (e.g.,
Tissari et al. 2008, Orasche et al. 2013). The organic fraction of wood
combustion emission particles consists of thousands of compounds, of
which a large fraction is unidentified (e.g., Rogge et al. 1998; McDonald et
al. 2000; Schauer et al. 2001). Uniquely, wood combustion emissions contain
large amounts of semivolatile compounds, and whether they are present in
the gaseous or particle phase is largely dependent on the temperature.
These features make RWC emissions challenging to measure and predict.

3.2.2 Formation of PAHs

In the incomplete combustion of organic materials, PAH formation
involves two distinct reaction steps, pyrolysis and pyrosynthesis. During
combustion at high temperatures and low oxygen concentrations, organic
matter is cracked to small molecular fragments. As the temperature drops,
the fragments recombine to form PAHs by pyrosynthesis (Simoneit 2002).
Concerning wood combustion, two PAH formation mechanisms have
specifically been discussed: breakdown reactions of lignin followed by
further condensation reactions forming polycyclic aromatic material and
ring formation reactions of molecules from acetylene and butadiene
(Orasche et al. 2013). Low molecular weight PAHs and other molecules
such as cyclopentadiene are suggested to serve as precursors for higher
molecular weight PAHs; in the absence of oxygen, higher temperatures
result in the formation of larger PAH molecules (Orasche et al. 2013).

The quality of organic combustion products is largely affected by
temperature. According to Eriksson et al. (2014), monosaccharide
anhydrides, such as levoglucosan, and methoxyphenols, which are formed
in the pyrolysis of cellulose and lignin, are broken down to phenols at 600-
700 °C and to methylated aromatics at >700 °C. As the temperature further
increases, the yields of PAHs increase, because PAHs are more persistent at
high temperatures than many other classes of organic compounds. As the
temperature further increases above the optimal temperatures for PAH
formation, EC formation increases (Eriksson et al. 2014).

PAHSs are involved in soot formation in flames. Heavy PAH molecules
form nascent soot particles, which gain mass via the addition of gas-phase
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species such as acetylene and PAH radicals. These nascent soot patrticles
coagulate, which increases their size significantly. Depending on the
circumstances, the particles undergo functional group elimination,
cyclization, ring condensation and ring fusion, accompanied by
dehydrogenation and the growth and alignment of polyaromatic layers. As

a result, more graphitic structures are formed (Richter and Howard 2000).

The oxidation of PAH and soot particles compete with the formation
process. In the oxidation process, the mass of PAH and soot material is
decreased by the formation of CO and CO.. The main oxidation reactants
are OH, O and Oz (Richter and Howard 2000).

In wood combustion emissions, both gaseous and particle-bound PAHs
exist. Concerning PAHs in particulate matter, Hays et al. (2003) found
PAHs to be unimodally distributed over the accumulation and ultrafine
particle size modes in PM2s emissions from residential wood combustion,
with the geometric mean diameter of the log-normal PAH-particle size
distribution ranging between 200 and 400 nm. PAHs with larger molecular
weights (MWs) are preferentially segregated into finer particles and vice
versa due to the following possible reasons: PAH diffusivity inversely
correlates with MW, affecting partitioning; the Kelvin effect (the curved
surfaces of smaller particles exert higher partial pressures, inducing the
evaporation of lighter compounds); and larger compounds adsorb more
easily onto larger surface areas (Hays et al. 2003 and references therein).
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3.2.3 Atmospheric conversion of organic compounds
3.2.3.1 Fate of atmospheric organic compounds

In general, primary emissions are cooled, mixed, diluted, transported
and chemically transformed in the atmosphere. The organic particulate and
gaseous materials undergo processes that strongly affect their concentration
and composition; on the contrary, black carbon, for example, has very low
chemical reactivity in the atmosphere (Bond et al. 2013). The formation of
atmospheric organic aerosols involves the direct emission of organic carbon
from sources and the formation of secondary organic aerosols, SOA (Table
3, adapted from Seinfeld and Pandis 2006). The aging of primary organic
emissions from, e.g., fuel combustion processes involves reaction with
atmospheric oxidants (OH radicals, Os, NOs, etc.). The aging of organic
compounds reduces their volatility and shifts the partitioning into the
condensed phase, forming significant amounts of oxidized organic aerosols
(Donahue et al. 2006).

Secondary organic aerosols are traditionally considered particle-phase
organics, which are produced from VOCs, for example, terpenes.
Nevertheless, an important proportion of secondary organic aerosols
originate from semivolatile components with mainly anthropogenic sources
(Donahue et al. 2006). Due to their low volatility, semivolatiles can produce
SOA more effectively than high-volatility SOA precursors (Robinson et al.
2007).

In the atmosphere, organic compounds can undergo functionalization
(addition of polar functional groups), fragmentation (cleavage of C-C
bonds) and oligomerization (covalent association of two organic species).
Kroll et al. (2011) described the atmospheric reactions of organic
compounds as the movement through two-dimensional space with a
number of carbon atoms nc and an average carbon oxidation state %‘fon
the x- and y-axis. The combination of the reactions causes complex
movement of the compounds through $6& nc space, but over the course of
time, the final product of the atmospheric oxidation of the organic species is
CO:z (Kroll et al. 2011) (Figure 1).
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Table 3. Aspects affecting the formation of atmospheric organic aerosols (adapted

from Seinfeld and Pandis 2006).

Process Affecting factors
Organic carbon Sources: combustion (pyrogenic), chemical (commercial
emission products,) geologic (fossil fuels), natural (biogenic)

(gas+particle)
Gas-phase chemical
reactions

producing SOA
compounds from
VOCs and SVOCs

Partitioning of
compounds
between phases

Particulate-phase
reactions

Increasing temperature and sunlight intensity increase SOA
Abundance of NO x affects the reactions of parent VOCswith
O3, OH or NO3

Relative humidity

Abundance of other VOCs

Temperature (lower T increases the particle phase)

Amount of other organics (larger amount s of OA may help a
larger fraction of organic compounds to dissolve)

Relative humidity increases the dissolution of water- soluble
organic vapours due to ahigher aerosol liquid water content

SOA can increase by oligomerization or heterogeneous
oxidation

SOA can decrease byheterogeneous reactions breaking
compounds to smaller ones, which are transferred to the gas
phase

+4 Coz
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Figure 1. Possible combinations of the average carbon oxidation state and number of
carbon atoms for stable organic molecules (Kroll et al. 2011).
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3.2.3.2 PAHSs in the atmosphere

In the atmosphere, PAHs are present in the form of gases (e.g., 2-ring
PAHSs) or solids adsorbed or absorbed to particle surfaces (e.g., 5-ring PAHs
and larger); semi-volatile 3- and 4-ring PAHs are distributed between these
two phases. The distribution between the phases depends on the vapour
pressure of the compound and the surrounding temperature. Particle-
bound PAHs are associated with fly ash or soot particles emitted during
combustion (Finlayson-Pitts and Pitts 2000).

The ambient concentrations of PAHs vary from a few ng/m 3 up to 100
ng/m3. The highest values have been reported close to the sources (Seinfeld
and Pandis 2006). Concentrations are often higher in winter due to higher
fuel consumption by small heating units, a lower height of the mixing layer
and less intensive photo-oxidation and degradation of PAHs (Sippula et al.
2013). In the atmosphere, PAHs undergo reactions that lead to products that
are more polar and water-soluble than the parent PAHs. For example,
PAHs can react with NO2, HNOs, ozone and hydroxyl radicals; in these
reactions, mono- and dinitro-PAHs, hydroxyl-substituted PAHs or carbonyl
derivatives of PAHs can be formed (Bostrom et al. 2002, Seinfeld and Pandis
2006). With aging, gas-phase PAHs oxidize and form products of lower
volatility that partition into the particle phase. These products may be more
harmful to health compared to their parent analogues (Bruns et al. 2015).
Thus, less toxic PAHs may eventually be important from a health
perspective once they transform in the atmosphere.

PAHSs are photodegraded either through direct photolysis by light with a
wavelength <290 nm or indirect photolysis, i.e., photo-oxidation, by at least
one oxidizing agent such as OH, Os or NOs. Highly variable half-lives have
been determined depending on the compound, oxidizing reactant,
temperature and humidity, as well as the phase and material with which
the PAHs are associated. Gaseous PAHs remain in ambient air for generally
less than a day, whereas particle-bound PAHs may persist for weeks and be
transported long distances. For particle-bound PAHs, the degradation rate
can be considerably lower due to the stabilizing effect of carbonaceous
particles. In the absence of sunlight and during cold winter conditions,
degradation rates approach zero. As an example, the half-lives of several
PAHs were determined to be one day or less when reacting with OH
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radicals. For PAHs adsorbed onto soot, considerably longer half-lives (3.7-
30 days) have been reported when reacting with NOx (WHO 1998).

PAHs are removed from the atmosphere by dry or wet deposition of
particles and vapours (Ravindra et al. 2008). The main sinks for PAHs are
sediment and soil. PAHs are effectively adsorbed to the organic fraction of
soil. The biodegradation of PAHs in the soil is slow but is a major route for
PAHs to exit the soil. Heavier PAHs are especially persistent under
environmental conditions in soil and groundwater (WHO 1998).

3.2.4 Aspects of mass transfer in gas-particle mixtures

In general, in a system involving vapours and particles, such as ambient
air or a flue gas plume, mass can be transferred into the particle phase via
various processes such as condensation, adsorption and nucleation
(Seinfeld and Pandis 2006). Knowing the phase distribution is important in
order to measure and understand the results of field studies, for example,
the seasonal variation of results. Additionally, SOA formation is related to
the gas-particle distribution of the oxidation products. Physical and
chemical fates of compounds in the atmosphere and their subsequent
transport through the air, water or soil environment are related to phase.
Physical processes such as deposition as well as chemical reactivity, reaction
products and lifetimes are phase-dependent. The phase distribution may
even reflect the toxicological endpoints in the human body through, e.g., the
bioavailability and deposition pattern in the respiratory system (Finlayson-
Pitts and Pitts, 2000). In the following sections, some of the physical
phenomena involved in mass transfer are described.

3.2.4.1 Vapour pressure

In a closed system over a solution consisting of a single compound i,
there is no net transfer of molecules between the gas and liquid phases.
Molecules are transferred in both directions, but the fluxes are equal. The
equilibrium concentration of compound i in the gas phase (saturation
vapour pressure ps.) is exponentially dependent on the temperature (Vesala
2004). Equations for ps have been determined for compounds and
compound classes, e.g., Sonnefeld et al. 1983 determined the saturation
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vapour pressures for PAHs as a function of temperature at 10-50 °C (Eqg. 1;
values of A and B are given in Sonnefeld et al. 1983).

Z'%\L FES$ (1),

The vapour pressure reflects the ability of molecules to be transferred to
the gas phase. In the real environment, liquids are mixtures of numerous
compounds, such as the liquid organic phase on the surface of a soot
particle. In the mixture, other compounds interact with the molecules of
compound i. The lower the mole fraction of i in the solution, the more the
vapour pressure of i over the solution drops (Raoult’'s law). In non-ideal
solutions, if the forces between the molecules are stronger than the forces
between the molecules of pure i, the saturation vapour pressure ps;
decreases.

leal 02222 (Eq. 2),

where Xi is the mole fraction of compound i in liquid and % is the so-called
activity coefficient (Vesala 2004, Seinfeld and Pandis 2006).

Moreover, the vapour pressure of a substance is always higher over a
curved interface than over a flat surface (Kelvin equation) because, on a
curved surface, as in a small droplet, there are fewer neighbouring
molecules and thus less attractive forces keeping a molecule in the liquid
phase, which means that it can escape to the gas phase more easily. The
Kelvin effect can be significant for higher molecular weight organic
compounds in particles with sizes of 200 nm and smaller (Seinfeld and
Pandis 2006).

According to the ideal gas law, the mass concentration of compound i in
a gas, ¢ is related to the partial vapour pressure pi by Eq. 3:

BL2E (Eq.3),

where Mi is the molar weight, R is the molar gas constant of 8,314 J mol K1
and T is the temperature (Seinfeld and Pandis 2006).

29



3.2.4.2 Gas-particle partitioning

If the compound has not established equilibrium between the phases,
vapour either condenses on the particles or evaporates from the particles to
the gas phase. Consequently, the particle diameter also changes. In
condensation/evaporation, the mass transfer flux J of a compound will be
proportional to the difference between the compound's gas phase
concentration ¢ and its equilibrium concentration in the gas phase at the
particle surface Ceq

18 F ga  (EQ.4)

If cs=Ceq the compound is in equilibrium, and no net transfer between the
phases exists. Ifcs> cq the gas phase is saturated with the compound, and
some of it will condense on the available particle surface. The equilibrium
concentration ceq also depends on its ability to form solutions with other
compounds present in the aerosol phase. If the compound does not form a
solution with other aerosol-phase compounds (e.g., particles of solid
inorganic salts), ceq will be equal to the pure compound’s saturation
concentration ¢, and the aerosol phase will start to form once ¢y exceedsceq
In the real environment, when organic compounds are already present in
particles, organic vapours tend to dissolve in the particle-phase organics. In
this case, the partitioning depends on the molecular properties of the
compound as well as on the molecular properties and amount of the organic
particulate phase that the compounds are dissolving into. The dissolution
exhibits no threshold concentration, but the aerosol phase starts to form
right away (Seinfeld and Pandis 2006).

In the absence of an organic particulate phase, adsorption can initiate
gas-particle partitioning. Adsorption involves complex interactions between
the adsorbed molecules and the particle surface. Adsorption can be based
on physical forces (physisorption) or chemical forces (chemisorption). In the
adsorption process, the particle surface is first partially covered with
vapour molecules. Then, a monolayer is formed, which is occasionally
followed by the formation of additional layers. In the adsorption of
additional layers, vapour molecules interact with the already adsorbed
molecules instead of the particle surface. According to theory, adsorption
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can lead to a transfer of a fraction of the vapour phase to the aerosol phase,
even if saturation in the gas phase has not yet been reached; nevertheless,
the adsorbed mass is very small (Seinfeld and Pandis 2006). Absorption into
an organic solution (dissolution) is considered the dominant partitioning
mechanism over adsorption for both ambient aerosols and emissions
dominated by organic material (Liang et al. 1997; Roth et al. 2005a;
Shrivastava et al. 2006; Roth et al. 2005b).

Despite the mechanism leading to the partitioning between the gas and
particle phases of a species, whether it is absorption, adsorption or their
combination, the partitioning can be described by the partitioning
coefficient defined as

-éLE/;H" (Eq.5)

where Kp is a temperature-dependent partitioning coefficient (m 3/ «g), PM is
the total ambient aerosol mass concentration (¢g/m3), and F and A are the
aerosol (particle) and gas phase concentrations of the species {g/m3).
Expressed as F/A=KyPM, patrtitioning is a product of the partitioning
coefficient and total particulate mass concentration. If PM increases, the
amount of the species in the particle phase will increase because of the
greater available surface area and volume of the particulate matter (Seinfeld
and Pandis 2006).

Equilibrium between the gas and particle phases is not always attained.
If the aerosol is not in equilibrium, dynamic models are needed for the
interpretation of gas-particle partitioning data (May et al. 2013). The major
factors determining the time needed for equilibrium to form in aerosols are
the patrticle size, temperature and accommodation coefficient for the uptake
of the gas into the particle (Finlayson-Pitts and Pitts, 2000). For polluted
conditions in the atmosphere, the timescale is a few minutes or less, but if
the number concentration is low, it can be several hours (Seinfeld and
Pandis 2006).

A simplified theoretical relationship between the dilution and saturation
ratio is described in Figure 2. Particles are considered solid particles (no
dissolution of BaA into the organic layer). The temperature of the undiluted
flue gas is assumed to be 250 °C. Four different concentrations of BaA in
undiluted exhaust are included; using 200 ¢g/m3 as an example, the point at
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the extreme right corresponds to the undiluted concentration ci (left y-axis).
The concentration in the diluted exhaust decreases as the dilution ratio
increases. At a dilution ratio of approximately 20, the total concentration of

BaA in the diluted exhaust exceeds the saturation concentration (thick black
line), and BaA is transferred from the gas phase to the particle phase
through condensation. As the dilution ratio further increases, the BaA

concentration in the diluted exhaust reaches a value below the saturation
vapour pressure, and BaA starts to evaporate from the particles in order to
reach equilibrium. The cooling caused by dilution with air at 20 °C reduces

the saturation pressures of the semivolatile compounds in the exhaust until

a temperature of ~20 °C is reached.
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Figure 2. Concentration of BaAi)dn diluted exhaust (initial BaA concentration of
50, 100, 200, 1000 <gAnas a function of the temperature of the diluted sample
(T), DR as a function of the sample temperature (T) and the saturation
concentration €of BaA at equilibrium as a function of Ts @lculated according to
Sonnefeld et al. 1983) r(c]—exhaus-t_-250 °C and diution ar=20 OC).
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3.3 Dilutive sampling

Dilution in aerosol measurements is often needed for practical reasons,
such as to reach a level of concentration or temperature applicable for the
measurement instruments. Dilution may be needed to reach the
atmospheric level on a particle load, for example, in exposure studies. With
dilution, coagulation can be arrested (Brockmann 2005), and water
condensation due to cooling of the exhaust can be avoided (Biswas 2001).
With dilutive samplers, atmospheric cooling and diluting processes are
simulated (Hildemann et al. 1989). Nevertheless, dilution samplers are
usually used in such a manner that the particle mass concentration in the
diluted sample greatly exceeds the ambient level. There is concern that this
leads to an overestimation of the emission relative to much more diluted
atmospheric conditions (Lipsky and Robinson 2006, Shrivastava et al. 2006,
Robinson et al. 2007, Donahue et al. 2009).

Dilution leads to fundamental changes in the gas-particle partitioning of
organic species and sulphuric acid due to condensation. In the dilution
process, nanoparticles can also be formed by nucleation (Kittelson 1998).
Partitioning depends on the volatility distribution of organic compounds;
dilution especially affects aerosols bearing a significant amount of
semivolatile organics or sulphuric compounds, such as wood combustion
and diesel engine emissions. For these emissions, the particle measurements
of diluted exhaust can give significantly higher concentrations of total PM,
as well as particulate organics and sulphate, compared to the measurements
of hot exhaust (e.g., Ristimaki et al. 2010, Ozgen et al. 2014, Hildemann et al.
1989).

Increasing dilution causes further changes in gas-particle partitioning. As
the dilution is increased after the ambient temperature level is reached (or
the temperature of the dilution air), the concentration (partial vapour
pressure) decreases. Because the saturation vapour pressure is constant in
isothermal conditions, the saturation ratio (partial vapour pressure per
saturation vapour pressure) decreases. In isothermal dilution, large
decreases in fine particle mass emissions with increased dilution were
found for wood combustion and a diesel engine operating at a low load
(Lipsky and Robinson 2006). Increasing the dilution ratio from 20:1 to 120:1
decreased the PMs mass emissions from a wood stove by over 60% and the
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OC by 75%, whereas the EC showed no variation. The decrease in mass was
due to changes in the phase partitioning of the semivolatile organic
material, which tended to shift to the gas phase at high dilution in order to
maintain the phase equilibrium (Lipsky and Robinson 2006). Similar strong
mass decreases due to the evaporation of organics were observed by May et
al. (2013) in laboratory combustion tests of various biomasses. These
authors observed an evaporation of 50 to 80% of the organic aerosol mass
during isothermal dilution from plume- (~1000 +g/m?3) to ambient-like (~10
*g/m3) concentrations.

The dependence of particle mass emissions on the (sampling) conditions
is approximated in Figure 3; the same type of approach is presented in
Nussbaumer et al. 2008. Hot undiluted exhaust in the example consists of
mainly elemental carbon, ash and some organic matter (' bar). Diluted
moderately with cool air, the sample is at atmospheric temperature, and
semivolatile organic compounds condense and shift to the particle phase,
causing a considerable increase in the (dilution-corrected) particle mass
concentration (2" bar). Higher dilution leads to evaporation of semivolatile
organic compounds and decreases in the (dilution-corrected) particle mass
concentration (3¢ bar). Due to photo-oxidation, organic compounds may
evaporate, transform to more polar and less volatile compounds, and return
to the particle phase. Originally, gaseous compounds may shift to the
particle phase as well (4" bar). The change in particle mass caused by
oxidation and SOA formation varies greatly; the average organic aerosol
enhancement ratio of 1.7+0.7 for open biomass burning emissions was
determined by Hennigan et al. (2011). Further information on the behaviour
of semivolatile compounds, like PAHSs, in different stages of the process is
needed.
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Figure 3. Schematic stages of wood combustion particle emissions: hot undiluted
exhaust, exhaust diluted using low and high dilution ratios and aged exhaust.
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3.4 RWC and regulation

3.4.1 European legislation concerning residential wood
combustion

Regulation of particle emissions from residential wood combustion
currently varies greatly between EU member states. In Finland, particle
emissions are currently not regulated at all. In some countries, there exist
national limit values for particle emissions. The upcoming Ecodesign
Directive provides emission limits for particles; several parallel
measurement methods are allowed. PAH emissions from RWC are not
regulated.

3.4.1.1 Construction product regulation and harmonized product
standards

The products used in construction need to have a CE-mark ((EU) 305/2011).
For the CE-mark, the products need to fulfil the requirements set, for
example, in the harmonized product standard. EN standards contain
requirements concerning, e.g., an appliance’s fire safety, efficiency and CO
emissions. The renewal of the standards is on-going. New standard series
EN 16510 by the Technical Committee CEN/TC 295 “Residential solid fuel
burning appliances” include Part 1 on general requirements (and several
sections of Part 2 for different appliance types). In the new series, methods
for dust, OGC and NOx measurements are described. Some product
standards and CO emission limit values are listed in Table 4.

Table 4. CO emission limit values in selected EN standards.

EN CO limit value

Appliance type standard (% at 13% Q)

Room heaters fired by solid fuel EN 13240 1.0
Residential cookers fired by solid fuel EN 12815 1.0
Slow heat release appliances fired by solid fuel EN 15250 0.3
Multi-firing sauna stoves fired by natural wood logs EN 15821 1.0
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3.4.1.2 National regulations

Some European countries, such as Austria and Germany, provide
national limit values for emissions from small combustion appliances
(Tables 5 and 6). In Austria, the minimum efficiency is, for example, 80% for
room heaters other than cooking stoves using solid fuel. In Austrian
regulations, the particle emissions must be determined based on three
particle samples for duration of 30 minutes each. CO, OGC and NOx
emissions must be determined as an average of two subsequent batches. In
German regulations, CO and NOx concentrations must be determined as an
average of the whole combustion test, and the particle sample duration is 30
minutes.

In Finland, there are no particle concentration limit values for residential
wood combustion appliances. National application standards (NAS)
complement the harmonized product standards.

Table 5. Austrian emission limit values for small-scale combustion appliances using
hand-fed solid fuel (Vereinbarung geman Art 15a B-VG lber das Inverkehrbringen
von Kleinfeuerungen und die Uberprifung von Feuerungsanlagen und
Blockheizkraftwerken).

Emission limit value (mg/MJ)
Other standardized

Wood fuel . Fossil fuels
biofuels
Parameter
Central Nominal Nominal Nominal Nominal
Room .
heaters heating heat output  heat output  heat output  heat output
appliances <50 kW A0 kW <50 kW A0 kw
CcO 1100 500 1100 500 1100 500
NO«x 150 150/100* 300 300 100 100
0OGC 80/50* 50/30* 50 30 80 30
Dust 60/35* 50/30* 60/35* 60/35* 50/35* 50/35*

*From 1.1.2015 on
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Table 6. German emission limits for room heaters and stoves (Erste Verordnung
zur Durchfirung des Bundes-Immissionsshutzgesetzes (Verordnung Uber kleine
und mittlere Feuerungsanlagen — 1. BlImSchV; internet: http://www.gesetze-im-
internet.de/bimschv_1 2010/index.html; Hartmann et al., 2008)

Step 2: Erected after 31.12.2014

Appliance type Technical co Dust Minimum
document
(g/m3)*  (g/m3)* efficiency (%)
Room heater with flat furnace DIN EN 13240 1.25 0.04 73
Room heater with filling furnace DIN EN 13240 1.25 0.04 70
Slow heat release appliances DIN EN 15250 1.25 0.04 75
Closed fireplaces DIN EN 13229 1.25 0.04 75
Tiled stoves (flat furnace) DIN EN 13229 1.25 0.04 80
Tiled stoves (filling furnace) DIN EN 13229 1.25 0.04 80
Cooking stoves DIN EN 12815 1.50 0.04 70
Central heating and cooking stoves  DIN EN 12815 1.50 0.04 75
Pellet stoves without water jacket DIN EN 14785 0.25 0.03 85
Pellet stoves with water jacket DIN EN 14785 0.25 0.02 90

*At 13% O:

3.4.1.3 Ecodesign regulation

The EU legislation on Ecodesign and energy labelling is a tool for
improving the energy efficiency of products. The Ecodesign Directive
2009/125/EC provides EU-wide rules for improving the environmental
performance of products. The Energy Labelling Directive 2010/30/EU
includes mandatory labelling requirements. The Ecodesign Directive is
implemented through product-specific regulations (European Commission
2016). Ecodesign requirements are summarized in Tables 7 and 8.
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Table 7. Ecodesign requirements for solid-fuel local space heaters ((EU) 2015/1185).

Appliance type: Solid-fuel local space heaters ((EU) 2015/1185)

Appliances within the scope Appliances outside the scope Timetable
Solid-fuel local space heaters,  Appliances for non-woody biomass only From
nominal heat output /&0 kW Appliances for outdoor use only 1.1.2022
Appliances of which the direct heat output is less than 6% on
of the combined direct and indirect heat output at a
nominal heat output
Appliances not factory assembled or not provided as
prefabricated components or parts by a single manufacturer
to be assembled on site
Air heating products
Sauna stoves
Requirements
Type of solid- Seasonal space
fuel local heating energy PM at ocCat co at NOx at Other
- 13% & 13% . 13% O 13% &
space heater efficiency*
< Biomass: 200
/50 mg/m3 [Method n ~ ;
Open fronted R0% 1] or /& g/kg (dry A20mg  R000 mg/m‘3, solid
matter) [Method 2] C/ms3 mg/m3 tossﬂ fuel:
A00 mg/m3
A0 mg/m3 [Method
1] or & glkg (dry
f(lc;stgg solid matter) [Method 2] or ) Biomass: 200
' ~ R.4 glkg (dry matter) A20mg  A500 mg/m3, solid
fuel other 85% ; A .
than wood for biomass or 4.0 C/ms3 mg/m3 tossﬂ fuel:
cllets g/kg (dry matter) for 800 mg/m3 -
P solid fossil fuel Require
[Method 3] ments for
~ ) ~ product
Closed RO mg/nj3 [Method i i Biomass /gOO informa-
fronted, 9% 1llor R5 g/kg /0 mg /00 mg/m‘3, solid tion
wood pellets [Method 2] or A.2 C/m3 mg/m3 onssn fuel:
g/kg [Method 3] 00 mg/m3
A0 mg/m3 [Method
1] or A glkg (dry
matter) [Method 2] or Biomass AR00
- R .4 g/kg (dry matter) A20mg  A500 mg/m3, solid
Cookers 5% for biomass or 4.0 C/ms3 mg/m3  fossil fuel:
g/kg (dry matter) for AB00 mg/m3

solid fossil fuel
[Method 3]

Particle measurement methods 1-3 are described in (EU) 2015/1185 Annell 4.a.i.1-3
*Calculation described in (EU) 2015/1185
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Table 8. Ecodesign requirements for solid-fuel local boilers (EU) 2015/1189.

Appliance type: Solid-fuel local boilers (EU) 2015/1189
Appliances within the scope Appliances outside the scope Timetable

Boilers generating heat exclusively for providing hot
drinking water or sanitary water

. . ) Boilers for heating and distributing gaseous heat transfer From
Solid-fuel boilers with a rated ) )
media such as vapour or air 1.1.2020
heat output of 500 kW or less . . . . . .
Solid-fuel cogeneration boilers with a maximum electrical on

capacity of 50 kW or more
Non-woody biomass boilers

Requirements

Seasonal Seasonal space heating emissions** of
Type of solid-fuel hser:tlif:;
; PM at OGC at CO at
local boiler 0
energy 10% O 10% O 10% O NOx at 10% G Other
efficiency*
Boilers with a rated
heat output of R0 A5%
kw
Boilers with a rated
heat output of >20 R7% Reaui
w monts for
Automatically - - &00
. A0 mg/m3 A0 mg/m3 t
stoked boilers 9 9 mg/m3 iﬁ;g?;;
Ma.mually stoked &0 mg/m3 RO mg/m3 A00 tion
boilers mg/m3
: ) R00 mg/m3
B I
iomass boilers (NO2)
) : &50 mg/m3
Fossil fuel boil
ossil fuel boilers (NO2)

Particle measurement methods 1-3 are described in (EU) 2015/1185 Annekl 4.a.i.1-3

*Calculation described in (EU) 2015/1189

**Eor manually stoked solid-fuel boilers that can be operated at 50% of the rated heat output in
continuous mode and for automatically stoked solid-fuel boilers, the emission is expressed as a weighted
average of the emission at the rated heat output and the emission at 50% of the rated heat output,
calculation in (EU) 2015/1189

3.4.1.4 Particle mass emission measurement methods in regulations

In the final draft FprEN 16510-1 (January 2016), two particle
measurement methods are described: measurement by sampling a patrtial
flue gas sample over a heated filter from hot undiluted exhaust and
measurement by sampling a partial flue gas sample from a full flow dilution
tunnel using a filter at ambient temperature (Table 9). The first method
gives the particle concentration in the solid fraction of the total particulate
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matter concentration in mg/m3, and the latter gives the emission of
particulate matter and condensables at room temperature in g/kg. In the hot
exhaust method, the conditioning temperature of the filter is dependent on
the temperature at which the filter hold er and sampling line are maintained
during sampling. The filter holder temperature may vary from 70 to 160 °C
(condensation of water must be avoided). The filter conditioning
temperature must be 35 K above the filter holder temperature but not more
than 180 °C. The flue gas is diluted with a tunnel DR of 10-20 (FprEN 16510-
1, January 2016).

In the Ecodesign requirements for solid-fuel local space heaters, several
particle measurement methods are listed (Table 10). In (EU) 2015/1185,
sampling with an electrostatic precipitator is one of the particle
measurement methods that appears to be quite different from the methods
described in FprEN 16510-1. Some inconsistencies with FprEN 16510-1 exist
in the sampling durations, as well as in draught and appliance loads.
According to the Ecodesign regulation (EU) 2015/1185, measurements and
calculations shall be made using harmonized standards or other reliable,
accurate and reproducible methods.
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Table 9. Particle measurement methods in FprEN 16510-1 (January 2016).

Document Measurement method Sampling period Unit
FprEN 16510-1, Partial flue gas sample over a heated 30-minute period, mg/Nm 3 (PM) at
January 2016 filter: solid fraction of the total starting 3 min after 13% O, (dry,

particulate matter is sampled
(T(filter) 70-160 °C, no water
condensation allowed). Constant
sample flow.

Pre-procedure of filter conditioning:
temperature 35 K above the filter
holder temperature but not more

than 180 °C; at least 1 h withcooling
in desiccator for at least 4 h.
Post-procedure: filter conditioning at
the same temperature as in the pre-
procedure for at least 1 h, with
cooling in a desiccator for at least 4 h.
Draught 12 Pa

reload.

Determined for each
cycle (batch) (more
detailed description
may be given in Part
2 concerning the
appliance type in
guestion)

273.15K, 1013
hPa)

FprEN 16510-1,
January 2016

Partial flue gas sample from a full
flow dilution tunnel using a filter at
ambient temperature (not less than 20
°C): particulate matter and
condensables are sampled. Isokinetic
sample flow. Dilution ratio of 10- 20.
Dilution tunnel temperature of 25- 50
°C.

Pre-procedure of filter conditioning:
drying in a desiccator for 24 h
Post-procedure: drying in a
desiccator for at least 8 h

Draught 12 Pa

Determined for each
cycle. Sampling starts
directly after reload.
More detailed
description in the
corresponding
section of Part 2
concerning the
appliance type in
guestion.

g/kg dry fuel (PM E)

Table 10. Particle measurement methods presented in (EU) 2015/1185.

Document

Measurement method

Sampling period

(EU) 2015/1185 Annex Partial dry flue gas sample over a heated filter

111 4.(a)(i)(1)

No description of
draught or sample
duration

(EU) 2015/1185 Annex Partial flue gas sample from a diluted flue gas
using a full flow dilution tunnel and a filter at

1 4.()(0)(2)

ambient temperature

Natural draught
Over the full burn cycle

(EU) 2015/1185 Annex Partial flue gas sample using a fixed flue draught,
from a diluted flue gas using a full flow dilution

111 4.(2)()(3)

Draught 12 Pa
30-minute period

tunnel and a filter at ambient temperature or

electrostatic precipitator.
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3.4.1.5 Recommendations from projects concerning methodology

Rather recently, measurement methods in residential wood combustion
have been a topic of two ERA-NET Bioenergy programme consortium
studies. BIOMASS-PM focused on the need to interlink the physico-
chemical characteristics of particles with health end-points. Condensable
species particle measurement using dilution was recommended. A dilution
ratio of 20 was recommended in order to measure the full potential of
particle formation/growth due to the condensation of organic vapours. For
example, human exposure studies in which higher dilution is used, the
characteristics of the particles to be coupled with the exposure study results
should be measured in corresponding conditions (Hytonen et al. 2008).

In EN-PME-TEST, the objective was to develop and validate a common
European test method to determine particulate matter emissions from
residential heating appliances and boilers burning solid fuels (Fraboulet
2015). In this project, short-term and long-term measurement methods were
proposed. The short-term method was designed to meet the actual EN
standards for combustion appliances. The long-term method was designed
to better reflect the combustion quality and potential effect on health and
the environment. The proposed short-term method measured particles with
a heated filter from undiluted exhaust and organic gaseous carbon with an
FID analyser, both sampled at 180 °C. A constant and homogenous
temperature in the probe and filter holder improved the repeatability of the
method. The proposed long-term methods included total carbon
measurements using a micro-smog chamber and particle mass
measurements using dilution. The oxidation of flue gas in a micro smog
chamber promotes the formation of secondary organic aerosols. In dilution,
the semivolatiles are condensed, but this method also enables the use of
online aerosol instruments such as a TEOM (tapered element oscillating
microbalance: particle mass concentration) and a more reliable use of
impactors (Fraboulet 2015).

Related to methodology, an on-going European consortium project
BeReal seeks to improve the test standards so that they better reflect the
operating conditions of real-life installation (project web page: www.bereal-
project.eu).
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3.4.2 Air quality legislation related to PAHs in Finland

The BaP concentration has a target value of 1 ng/m established in the
Directive 2004/107/EC of the European Parliament and of the Council relating to
arsenic, cadmium, mercury, nickel and polycyclic aromatic hydrocarbons in
ambient air Finland has implemented this directive through act 164/2007.

BaP is considered a marker for carcinogenic risk due to PAHs. The target
value is for the total content in the PM 1o fraction, averaged over a calendar
year. In addition, the upper and lower assessment thresholds of 0.6 ng/m?
and 0.4 ng/m® are given and are used in determining the number of
sampling points in the zone. For monitoring of the BaP concentration,
Finland is divided in two zones: the Helsinki metropolitan area and the rest
of the country.

As a part of the Clean Air Policy Package of EC adopted in December
2013, EC published theProposal for a Directive of the European Parliament and
of the Council on the reduction of national emissions of certain atmospheric
pollutants and amending Directive 2003/35/E@ addition to the new national
emission reduction commitments applicable from 2020 to 2030 for SQ, NOx,
NMVOC, NH 3, PMzs and methane, annual emission reporting requirements
are also given, which include the total national emissions of total PAHs
(PAH-4) and the individual compounds BaP, BbF, BkF and 1123cdP.

3.5 Role of wood combustion in Finland as a PAH
emission source

3.5.1 Emission inventories

In EU-28, residential stationary combustion was a main source of PAHSs,
contributing 61% of the total PAH emissions. The source category of
residential stationary combustion (1A4bi) presented in Figure 4 also
includes the combustion of fuels other than wood, for example, coal (EEA
2015a). In Finland, the annual PAH emissions ranged between 13 and 18 t/a
in 1990-2012. Residential wood combustion is the largest national emission
source of PAHs and is estimated to have composed 80% of the PAH
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emissions in Finland in 2012 (traffic, 7%). Thus, PAHs in the ambient air of
communities mostly originates from residential wood combustion and
traffic, whereas that in industrial environments also originate from
foundries and coke ovens (Komppula et al. 2014).

Residential wood combustion is also a significant source of fine particles,
causing approximately half of the total PM 25 emissions in Finland;
nevertheless, the upcoming update of the emission calculation will decrease
the emissions from residential combustion by approximately 50%
(Suoheimo et al. 2015), which would result in a contribution of
approximately 25% of the total emissions. As a comparison, traffic,
including both exhaust gases and road dust, caused approximately 20% of
PM2s emissions in 2011. Of the national NMVOC emissions, residential
combustion caused approximately 30% in 2011 (Komppula et al. 2014).
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Nota: In Figure 2.16(a) valuas for ‘1 Adbi — Residentiak Stationary’ are given in the secondary axis.
Figure 4. Total PAH emissions in the EU-28: (a) trend in total PAH emissions
from the most important key categories, 1990-2013; (b) share of emissions by sector
group, 2013 (EEA 2015a).

3.5.2 Effects on air quality

A recent European air quality report revealed that the BaP limit value of
1 ng/m3 is exceeded in large parts of Europe (Figure 5) (EEA 2015b). In
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Finland, BaP concentrations are relatively low. The concentrations of
particle-bound BaP were measured at 12 air quality stations in Finland in
2008-2012. The highest annual average concentration exceeding the limit
value was measured at a station close to a steel manufacturing plant. High
concentrations exceeding the limit value or the upper threshold value of 0.6
ng/m?3 were also measured in residential areas where wood was combusted
in the households (Komppula et al. 2014).

Annual mean BaP
concentrations in 2013
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Notes: Dark-green dots correspond to concentrations under the estimated reference level (0.12 ng/m?). Dark-red dots correspond to
concentrations exceeding the 2004 AQ Directive target value of 1 ng/mz.

Only stations reporting more than 14% of valid data, as daily, weekly or monthly measurements have been included in the map.

Source: Based on Air Quality e-reporting database (EEA, 2015a).

Figure 5. Ambient benzo(a)pyrene concentrations in Europe in 2013 (EEA 2015b).

In the Helsinki metropolitan area in 2014, the air quality was measured
at two estates of detached houses where wood combustion was an
important emission source. The measured annual average concentrations of
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BaP were 0.6 ng/nt (Vartiokyld) and 1.0 ng/m3® (Ruskeasanta). At
Ruskeasanta, the concentration was at the level of the limit value. The
seasonal variation was large at these sites; the concentration was clearly
higher in winter (HSY 2015). Additionally, elevated PM 25 concentrations
were measured at these sites, and the highest daily concentrations were
associated with small-scale wood combustion emissions (HSY 2015).

The effect of wood combustion was studied in seasonal measurement
campaigns as well. In the Finnish suburb of Kurkim&ki, Kuopio, wood
combustion appeared to increase thePAH concentration; the average daily
total PAH concentration was 1.6 times higher than the background
concentration during the heating season. The background station was
located 1.5 km outside Kurkiméaki. The daily BaP concentrations varied
from <0.5 ng/m? to 3.5 ng/m?® (Hellén et al. 2008).

Studies of the contribution of wood combustion to outdoor particle
concentrations have been performed around the world (some studies are
listed in Sigsgaard et al. 2015 and WHO 2015). For example, in the Finnish
suburb of Jynkka, Kuopio, residential wood combustion composed 16% of
the measured PM:s during the heating season when the average PMs
concentration was 6 <g/m?3 (Yli-Tuomi et al. 2015). In the previously
mentioned suburb of Kurkimaki, Kuopio, wood combustion did not appear
to increase the daily average particle concentrations. Instead, high short-
term peaks were detected in the PMes concentration caused by local wood
combustion (Hellén et al. 2008). In Helsinki, the contribution of residential
wood combustion to the PM 25 concentration in the cold season was 18-29%
at urban sites and 31-66% at suburban sites (Saarnio et al. 2012).
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4 METHODS

4.1 Overview of the experiments

The experimental procedures and aims of the four campaigns are
summarized in Table 11.

Table 11. Overview of the campaign$iapers I-1V .

Paper

Year of
experiments

Location

Aim

2006

At field, Kuopio, Finland

To determine PAH emission factors for residential
wood combustion appliances

2006

Laboratory, UEF

To determine PAH emission factors for residential
wood combustion appliances

To determine how the combustion conditions affect
PAH emission quantity or quality

To study the gas-particle partitioning of PAHs in
dilution

2008- 2009

Laboratory, UEF

To determine PAH emission factors for residential
wood combustion appliances

To determine how the combustion conditions affect
PAH emission quantity or quality

2008

Laboratory, Tulikivi Ltd

To evaluate the applicability of some commonly used
particle mass measurement methods for wood
combustion emissions rich in semivolatile matter

The experimental procedures of | were performed at field which means
that instead of measuring the emission from combustion appliances at the
laboratory, it was done in the households in a residential area (Figure 6).
The combustion appliances were operated by the residents with their own
fuel wood. In I, the gas-particle distribution of PAHs from the diluted and
raw, undiluted exhaust from a conventional masonry heater (Figure 6) was

studied. Two operational

practices, normal combustion (NC) and

smouldering combustion (SC) were used, producing two clearly different
combustion conditions for sampling. In normal combustion (NC), the batch
and log sizes and other user-dependent variants in the operation were

optimized.

In the smouldering combustion (SC), the air intake was

restricted, the log size was smaller, the batch size was larger and the piling
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of the logs was loose. Taken together, these factors resulted in poor
combustion conditions. In 1l , the PAHs contained in particles emitted from
six various combustion conditions were studied. Six different combustion
appliances were used, and a certain period of the combustion cycle or test
was selected for particle sampling (Table 14). Beyond this study, the aim of
the campaign was to produce particles with different characteristics in order
to couple the toxicological properties with the physicochemical
characteristics of the particles (Tapanainen et al. 2011, Tapanainen et al.
2012). InlV, two particle mass measurement methods were compared. The
effect of air staging on the combustion emissions was also studied.
Schematics of the measurement systems are presented in Figures 7-9 and 11.
The measurement methods are briefly presented in Tables 12-15.

49



Table 12. Measurement methodsd in

Combustion appliance and . . Dilution for PAH sampling
code PAH sampling period PAH sampling method
MMH: Modern masonry Whole combustion period

A teflon

heater

CMH-b1: Conventional
masonry heater (brick)
CMH-t: Conventional
masonry heater (tiled)

S: Cooking stove

SS: Sauna stove

of 6 batches (131 min)
Whole combustion period
of 2 batches (77 min)
Whole combustion period
of 2 batches (89 min)
Whole combustion period
of 5 batches (65 min)
Whole combustion period
of 3 batches (68 min)

Porous tube

diluter (dilution

air heated to 180
°C) and an ejector
diluter (dilution

air not heated),

membrane filter
(Teflo, Gelman
Scientific) and
Amberlite XAD -4
(Supelco)
adsorbent

DR 28-72, T 1023

°C

(particle fraction
PM10)

Table 13. Measurement methodslin

Combustion appliance
and code

PAH sampling period

Dilution for PAH
sampling

PAH sampling method

Normal combustion
(NC): Conventional
masonry heater, normal
combustion

Whole combustion
period, 1+3 batches (80-
85 minutes)

1) Dilution with a
porous tube diluter
(dilution air at
ambient
temperature), DR 82-
119, T~25°C

2) None: PAH
sampling from hot,
undiluted exhaust, T
250-260 °C

Gas-phase PAHs:
collected with annular
denuders (URG Corp.) on
the Amberlite XAD-4
resin (Supelco); particle-
phase PAHSs: collected on
teflon filters (Pall) and a
back-up PUF-plug (URG
Corp.). No particle pre-
cut.

ISO 11338:2003, Heated
filter/condenser /adsorber
method. Particle-phase
PAHSs: quartz filters
(Munktell Filter); gas-
phase PAHs: XAD-2 resin
(Supelco). No particle
pre-cut.

Smouldering
combustion (SC):
Conventional masonry
heater, smouldering
combustion

The first half of the
combustion period, 1+1
batches (35 min)

Dilution with a
porous tube diluter
(dilution air at
ambient
temperature), DR 69
176, T ~25°C

As described in NC,
diluted sample. No
particle pre-cut.
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Table 14. Measurement methodsdlin

Combustion
appliance and code

PAH sampling period

Dilution for PAH
sampling

PAH sampling
method

EFC: Pellet boiler, 25
kW nominal output,
integrated fixed- grate
burner, E sensor.

Steady-state operating
conditions at a nominal load
(2-3 h).

Porous tube diluter
(dilution air at ambient
temperature), DR 13, T
24 °C. PMuo pre-cut.

IBC/34: Modern
masonry heater

3rd and 4th batch (50 min).
Represents relatively steady
combustion at conditions in
which the firebox walls are
hot and a layer of glowing
embers exists.

As for EFC, DR 26, T 26
°C

CBC1: Conventional

Whole combustion period of

As for EFC, DR 16, T 19 PM: sampling on

masonry heater 1 1+2 batches (55 min) °C PTFE filters
CBC2/F: The beginning of the second  Asfor EFC, DR 17, T 19 (Millipore) with a
Conventional batch (15 min). Represents °C Dekati gravimetric
masonry heater 2 the firing phase. impactor (Dekati).
CBC3/23: 2nd and 3rd batch (40 min). As for EFC, DR 20, T 23

Conventional Represents relatively steady  °C

masonry heater 3

combustion at conditions in
which the firebox walls are
hot and a layer of glowing
embers exists.

IEBC/S: Sauna stove,
no secondary air
available.

1st and 2nd batches (20-35
min). Includes the firing
phase and some of the
combustion phase.

As for EFC, DR 24, T 19
°C

Figure 6. Left: field measurements in Kuopio in February, 2006 r{ght:
conventional masonry heater usedliand Il .
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Table 15. Measurement methodgVh

Combustion appliance PM sampling period Dllutlo.n for PM PM sampling method
and code sampling
1 tnCMH: Conventional
masonry heater
2.7 tnCMH:
Conventional masonry ) )
heater 1) During the second 1) Porous tube diluter
batch, starting from the  (dilution air heated to 180
1 tnMMH: Modern addition of fuel to the °C) and an ejector diluter 1) PM: sampling on
masonry heater moment when CO2 (dilution air not heated),  PTFE filters (Gelman
2 7 tnMMH: Modern reached a value of 6% DR 46-180, T 22-30 °C Scientific, Teflon)
masonry heater
2) From the second 2) None: sampling from 2) Total dust
1.2 tnMMH: Modern batch, starting 3 min hot, undiluted exhaust , T measurement on cup-
masonry heater after adding the fuel (30 120-230 °C shaped quartz filters
min) (Munktell)

1.85 tnMMH: Modern
masonry heater

1 tnMMH2: Modern
masonry heater
(duplicate test)

4.2 Combustion appliances

The batch combustion appliances are briefly described below and in
more detail in I-IV . A pellet boiler is described in Table 14 and in IV and
was the only continuous combustion appliance in the experiments of this
study. The pellet boiler is used for hot water production for central heating,
whereas the batch combustion appliances used in the study were intended
for space heating or cooking.

Sauna stove: a combustion appliance used for heating a sauna room to a
temperature of approximately 70-80 °C. It is typically made of steel and
filled with heat reserving stones of several tens of kilograms. In the sauna
stoves used in the study, the structure was simple with primary air entering
the firebox through the grate via an ash compartment under the grate (see
also Tissari et al. 2009).

Conventional masonry heater: a slow heat release appliance that is
intended to heat the space in which it is assembled even several days after
fire has died. The appliance slowly releases the heat reserved in its massive
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structure. They are typically made of bricks, soapstone, vermiculite, etc. and
weigh ~1000-3000 kg. The word conventional refers to the traditional
combustion technique with primary air entering the firebox through the
bottom grate. No secondary air is introduced into the firebox. Some airflow
may be introduced, for example, for flushing the firebox door glass.

Modern masonry heater. a slow heat release appliance with more
advanced air staging. Secondary air is introduced in the firebox or the
(secondary) combustion chamber. The construction parts such as stones,
elements or bricks are fabricated by the manufacturer, and the appliances
are assembled by the personnel educated and authorized by the
manufacturer.

Cooking stove: cooking stoves have a hot plate where food can be
cooked. They may also have a baking space. The cooking stove used in the
study was made of soapstone.

4.3 Aerosol sampling

4.3.1 Dilutive sampling process

Dilutive sampling was used in I-IV (Tables 12-15). Sometimes, several
dilution systems were used simultaneously for different samplers. For PAH
sampling, in | the flue gas was diluted with the combination of an in-house
built porous tube diluter (PRD) and an ejector diluter (ED) by Dekati Ltd.
Schematics of these types of diluters are presented in Lyyranen et al. 2004.
Only the PRD was used in Il and Il . For mass measurements, the
combination PRD+ED was used inlV .

The dilution ratios for PAH sampling ranged from 10 to 180. The
temperature of the diluted sample was mostly below or equal to 25 °C. The
dilution ratio DR was calculated based on the CQ concentrations (I):

YVaBg. ?YEgs
&4 =7 Eq. 6
YaBg \? YaEBys ( q )'
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where COzp is the COz concentration in the diluted gas, COzrc in the raw
flue gas and COzsc in the dilution air. All concentrations are in dry gas, and
the unitis %uvol.

4.3.2 PAHs

Four different types of equipment were used for PAH sample collection:
a filter followed by an adsorbent (I, Figure 7); a heated
filter/condenser/adsorber according to ISO 11338:2003 If , raw exhaust); a
denuder method consisting of two annular denuders, a filter and a PUF
adsorbent in series (I, dilute exhaust) (Figure 8); and a gravimetric
impactor (Il , Figure 9; Ruusunen et al. 2011). For the field measurement
campaign of I, a compact method was selected. Inll, the denuder method
was selected for more accurate determination of the phase distribution of
PAHs whereas in lIl , the impactor was used for the collection of relative
large masses of size-segregated particles to be used in further toxicological
studies.

Computer Computer | Computer Computer
 I—  — —

Chimney

Zero gas Particle free and dry
N, pressurized air

Figure 7. Schematics of the emission measurement system: the PAH sampling
system is in the red frame) (I
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For a more accurate gas-particle distribution measurement in I, the
denuder method was used. In the methods consisting of a filter followed by
an adsorbent, the gas-phase compounds (e.g., PAHs) may be adsorbed on
the filter material or on the particles collected on the filter, causing an
overestimation of the particle phase (positive particle-phase artefact). The
particle-phase compounds can desorb in the sample stream during the
sample collection and be collected on the adsorbent. This causes an
underestimation of the particle-phase concentration (negative artefact) (e.g.,
Gundel et al. 1995). In the denuder method, these artefacts are avoided by
collecting the gas phase prior to the particle phase and by using a back-up
adsorbent after the filter. In 1, 8-channel denuders made of glass (URG
Corp.) were used (Figure 10).

Figure 10. Cross-section of an 8-channel annular denuder.

4.3.3 Particle mass

The particle mass of the PM: fraction was measured from the diluted
exhaust. The particle mass was collected on a plain Teflon filter (Tissari et
al. 2008) usually with a filter holder system having two parallel lines, as in
Figure 9 and described in |. Quartz filters were used in the system of four
filter holders for the thermal-optical analysis of OC, EC and carbonate
carbon. For the mass determination from the diluted exhaust, 47 mm PTFE-
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