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Abstract
Emissions from residential combustion appliances vary significantly depending on the firing behaviours
and combustion conditions, in addition to combustion technologies and fuel quality. Although wood
pellet combustion in residential heating boilers is efficient, the combustion conditions during start-up
and stop phases are not optimal and produce significantly high emissions such as carbon monoxide and
hydrocarbon from incomplete combustion. The emissions from the start-up and stop phases of the pellet
boilers are not fully taken into account in test methods for ecolabels which primarily focus on emissions
during operation on full load and part load.

 The objective of the thesis is to investigate the emission characteristics during realistic operation of
residential wood pellet boilers in order to identify when the major part of the annual emissions occur.
Emissions from four residential wood pellet boilers were measured and characterized for three operating
phases (start-up, steady and stop). Emissions from realistic operation of combined solar and wood pellet
heating systems was continuously measured to investigate the influence of start-up and stop phases on
total annual emissions. Measured emission data from the pellet devices were used to build an emission
model to predict the annual emission factors from the dynamic operation of the heating system using
the simulation software TRNSYS.

 Start-up emissions are found to vary with ignition type, supply of air and fuel, and time to complete
the phase. Stop emissions are influenced by fan operation characteristics and the cleaning routine. Start-
up and stop phases under realistic operation conditions contribute 80 – 95% of annual carbon monoxide
(CO) emission, 60 – 90% total hydrocarbon (TOC), 10 – 20% of nitrogen oxides (NO), and 30 – 40%
particles emissions. Annual emission factors from realistic operation of tested residential heating system
with a top fed wood pelt boiler can be between 190 and 400 mg/MJ for the CO emissions, between 60
and 95 mg/MJ for the NO, between 6 and 25 mg/MJ for the TOC, between 30 and 116 mg/MJ for the
particulate matter and between 2x1013 and 4x1013 /MJ for the number of particles. If the boiler has the
cleaning sequence with compressed air such as in boiler B2, annual CO emission factor can be up to 550
mg/MJ. Average CO, TOC and particles emissions under realistic annual condition were greater than
the limits values of two eco labels. These results highlight the importance of start-up and stop phases
in annual emission factors (especially CO and TOC). Since a large or dominating part of the annual
emissions in real operation arise from the start-up and stop sequences, test methods required by the
ecolabels should take these emissions into account. In this way it will encourage the boiler manufacturers
to minimize annual emissions.

 The annual emissions of residential pellet heating system can be reduced by optimizing the number of
start-ups of the pellet boiler. It is possible to reduce up to 85% of the number of start-ups by optimizing
the system design and its controller such as switching of the boiler pump after it stops, using two
temperature sensors for boiler ON/OFF control, optimizing of the positions of the connections to the
storage tank, increasing the mixing valve temperature in the boiler circuit and decreasing the pump flow
rate. For 85 % reduction of start-ups, 75 % of CO and TOC emission factors were reduced while 13%
increase in NO and 15 % increase in particle emissions was observed.
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Emissions from residential combustion appliances vary significantly 
depending on the firing behaviours and combustion conditions, in addition to 
combustion technologies and fuel quality. Although wood pellet combustion 
in residential heating boilers is efficient, the combustion conditions during 
start-up and stop phases are not optimal and produce significantly high 
emissions such as carbon monoxide and hydrocarbon from incomplete 
combustion. The emissions from the start-up and stop phases of the pellet 
boilers are not fully taken into account in test methods for ecolabels which 
primarily focus on emissions during operation on full load and part load.  

The objective of the thesis is to investigate the emission characteristics 
during realistic operation of residential wood pellet boilers in order to identify 
when the major part of the annual emissions occur. Emissions from four 
residential wood pellet boilers were measured and characterized for three 
operating phases (start-up, steady and stop). Emissions from realistic 
operation of combined solar and wood pellet heating systems was 
continuously measured to investigate the influence of start-up and stop phases 
on total annual emissions. Measured emission data from the pellet devices 
were used to build an emission model to predict the annual emission factors 
from the dynamic operation of the heating system using the simulation 
software TRNSYS. 

Start-up emissions are found to vary with ignition type, supply of air and 
fuel, and time to complete the phase. Stop emissions are influenced by fan 
operation characteristics and the cleaning routine. Start-up and stop phases 
under realistic operation conditions contribute 80 – 95% of annual carbon 
monoxide (CO) emission, 60 – 90% total hydrocarbon (TOC), 10 – 20% of 
nitrogen oxides (NO), and 30 – 40% particles emissions. Annual emission 
factors from realistic operation of tested residential heating system with a top 
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between 60 and 95 mg/MJ for the NO, between 6 and 25 mg/MJ for the TOC, 
between 30 and 116 mg/MJ for the particulate matter and between 2x1013 and 
4x1013 /MJ for the number of particles. If the boiler has the cleaning sequence 
with compressed air such as in boiler B2, annual CO emission factor can be 
up to 550 mg/MJ. Average CO, TOC and particles emissions under realistic 
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results highlight the importance of start-up and stop phases in annual emission 
factors (especially CO and TOC). Since a large or dominating part of the 
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annual emissions in real operation arise from the start-up and stop sequences, 
test methods required by the ecolabels should take these emissions into 
account. In this way it will encourage the boiler manufacturers to minimize 
annual emissions. 

The annual emissions of residential pellet heating system can be reduced 
by optimizing the number of start-ups of the pellet boiler. It is possible to 
reduce up to 85% of the number of start-ups by optimizing the system design 
and its controller such as switching of the boiler pump after it stops, using two 
temperature sensors for boiler ON/OFF control, optimizing of the positions of 
the connections to the storage tank, increasing the mixing valve temperature 
in the boiler circuit and decreasing the pump flow rate. For 85 % reduction of 
start-ups, 75 % of CO and TOC emission factors were reduced while 13% 
increase in NO, 15 % increase in particle mass emissions factor and 23 % 
decrease in particle number emission factor was observed. The increase in 
particle mass factor was due to relatively higher reduction of total fuel 
consumption than that of total particle mass emissions. The accumulated 
annual total emissions are reduced with less number of start-up and stop. 
Decrease in particle number emissions shows a higher potential reduction of 
particle numbers than particle mass. 41% of accumulated total particle number 
were reduced from case “0” to case VIII while 12 % reduction in total particle 
mass. 
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1 Introduction 

The use of biomass as a renewable energy resource in heat and power 
production is an interest due to the limited availability of fossil fuels. Although 
the sustainable use of biomass can be considered as carbon neutral, the 
biomass combustion process is a major source of air pollutants of 
environmental health concern, such as hydrocarbons and particulate matter 
(PM). Air pollution in urban areas, especially particulate matter, is an 
important health concern and several studies (Boman et al. 2003; Ostro et al. 
2006; Naeher et al. 2007; Kocbach Bolling et al. 2009; Bari et al. 2010) have 
shown that particulate pollution in the ambient air is associated with negative 
health effects related to respiratory and cardiovascular diseases. 

Within the EU objective of using 20 % of the total energy from renewable 
energy, bioenergy accounts for more than half of the projected renewable 
energy output in 2020 in national renewable energy actions (EEA 2013). A 
significant portion of this bioenergy will be generated by the combustion and 
co-firing of biomass fuels. Increased particle concentration in the air will be 
one of the challenges arising from increased biomass combustion. 

Emissions from large scale biomass combustion plants are usually low with 
the use of efficient flue gas cleaning and dust removal devices. On the other 
hand, residential wood combustion has been considered as a major contributor 
to the urban air pollution in regard to particle emissions due to its small scale 
where the installation of particle removal technologies is too costly(Persson 
and Win 2011). In addition small appliances start and stop often which means 
periods of non-optimal combustion which may increase emissions even 
further (Fiedler 2006; Persson 2006). The dominant source of particle 
emissions in the Nordic countries is identified to come from residential 
combustion plants which accounted for between 52 % of total PM2.5 
emissions in 2008 (Nielsen et al. 2010). 

Reported emissions from each country are calculated from fuel 
consumption data and national emission factors. The emission data presented 
in national emission factors or emission inventories for residential pellet 
heating systems are generated mainly from measurements during steady 
operation (Paulrud et al. 2010). Similarly, the test methods for the quality 
labels for heating devices primarily focus on the emissions during operation 
on full load and part load and the emissions from transient operations (start-
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up and stop phase) of the heating devices are generally not taken into 
consideration (CEN 2012b). Emissions from residential combustion 
appliances vary significantly depending on the firing behaviour and 
combustion conditions in addition to the combustion technologies and fuel 
quality. 

This thesis focuses on emission characteristics and the emission 
performance of residential wood pellet heating systems under realistic 
operating conditions. The objective of the thesis is to investigate the emission 
characteristics during realistic operation of residential wood pellet boilers in 
order to identify when the major part of the annual emissions occur. 
Characterization of the emissions for different types of boilers during various 
operation strategies makes it possible to identify under what operation 
condition that the major part of emissions occurs. This information gives a 
direction to a proper measure for annual emission reduction of a real life 
operation of the combustion devices. 

The potential savings of annual emissions from optimization of the system 
operation is also studied using the TRNSYS simulation tools with an emission 
model developed from measured emission characteristics. Particle emissions 
are important to consider in residential boilers due to its adverse effect to 
health and as small residential appliances are having less developed flue gas 
cleaning compared to larger combustion plants. It is known from combustion 
of diesel (Lyyränen et al. 2002) and different biomass like oat (Miles et al. 
1995; Miles et al. 1996; Bäfver et al. 2009; Steenari and Karlfeldt Fedje 2010), 
that the use of metal additives in fuels can decrease deposit formation as well 
as particle emissions. The effect of magnesium additives in wood pellets on 
emissions and deposit formation are also studied as a measure to reduce 
emissions. 

1.1  Research questions 
In the literature studied in section 1.1.2, it has been shown that CO 

emissions from start-up and stop phases contribute largely to the annual 
emission factor and significant reduction of annual emissions can be expected 
if the number of start-ups can be reduced. 

The main research question (Q1) is to what extent gaseous emissions and 
particle emissions from start-up and stop phases contribute to annual emission 
factors. Such investigation requires knowledge of emission quantities from 
start-up and stop phases. Although it is known that higher concentrations of 
emissions are generated during these phases (Brunner et al. 2006; Olsson 
2006; Obernberger et al. 2007; Nussbaumer et al. 2008b), reported emission 
data for start-up and stop phases of pellet boilers and stoves are scarce. 
Therefore, more studies are required for a better understanding of emission 
characteristics and for quantifying emissions from start-up and stop phases. 
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The emission characteristics under these transient operations should also be 
considered in annual emissions since emission characteristics during these 
phases differ from that during steady operation due to its less stable 
combustion conditions. 

The second research question (Q2) is how the emission characteristic from 
start-up and stop phases can be explained in relation to the devices’ physical 
design. 

The third question (Q3) is how and how much annual emissions can 
potentially be saved by reducing the number of start-ups and also by system 
optimization. This investigation can be achieved with simulation studies in 
TRNSYS. Although the existing boiler models in TRNSYS can deliver a 
comprehensive and dynamic thermal performance, the associated emission 
model only exists for CO and TOC. To investigate the potential reduction of 
annual emissions, a simple emission model for both gaseous and particle 
emissions of wood pellet boilers are developed. In addition also emission 
savings from using magnesium additives in small pellet boilers is studied in 
paper IV as there are studies indicating a potential reduction of deposit 
formation and particle emissions (section 2.4). 

1.2 Objective of the work 
The objective of the research included in this thesis was to: 
- Investigate the emissions from different pellet combustion appliances. 
- Investigate the emission characteristics during non-steady operation 

phases such as start-up and stop phases of the pellet boilers and stoves. 
- Investigate the annual emissions from residential pellet boilers under 

realistic operation conditions. 
- Present new emission data for start-up and stop phases and an annual 

emission factor under realistic conditions. 
- Investigate the emission reduction and deposit formation by using fuel 

with additives. 
- Develop a simple emission model for the measured boilers and the 

stove. 
- Study emission limits in energy labels for realistic annual condition. 
 

1.3 Thesis outline 
This thesis is composed of three main parts, combining several research 

papers. The outline of the thesis is presented in Figure 1.1 together with the 
scope of relevant papers. 
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Figure 1.1 Thesis outline and scope of the papers. 

Papers I and V focus on characterization of both gaseous and particle 
emissions from different operating phases of the residential wood pellet 
combustion devices. 

In papers II and III, emissions from dynamic operations of six residential 
heating systems were investigated under realistic operating conditions. 

Paper IV presents the emissions and deposits on heat exchanger surfaces in 
a boiler fired with commercially available pellets and with pellets primed with 
magnesium oxide and magnesium hydroxide. 

Paper VI presents the analysis of the emission characteristics from start-up 
and stop phases of the tested pellet combustion devices in relation to their 
physical design and operation.  

In this thesis, development of the emission model for measured pellet 
appliances was presented. The outline of the thesis is as follows: 

Chapter 1: Presents the introduction of the thesis work. Chapter 2: Presents 
the background of the research work in this thesis. Chapter 3: Presents the 
materials and methods used in the experimental works in the study. Chapter 
4: Presents the measured emission characteristics of tested boilers and 
measurement emissions from the test for the realistic operation. Chapter 5: 
Presents the development of an emission model for the measured boilers. 

The discussions are presented in chapter 6 and conclusions are presented in 
chapter 7. Future works to minimize the annual particles and gaseous 
emissions from the residential heating systems are recommended in chapter 8. 
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1.4 Methodology 
Particle and gaseous emission flow rates were measured from three 

residential wood pellet boilers and a stove under both realistic operation 
conditions and idealized steady operation. Special attention was paid to 
measuring the start-up and stop phases of the appliances. Characterization of 
emissions from three operating phases (start-up, steady and stop) was carried 
out with controlled combustion to achieve typical emission characteristics 
from start-up, steady operation and stop phases (Papers I, IV, V).  

The analysis of start-up and stop emission characteristics in relation to the 
physical design of the combustion devices were done based on the diffusion, 
convection and reaction of fuel and combustion air affected by their physical 
features and operations (Paper VI). 

Realistic operation of six combined solar and wood pellet heating systems 
was carried out according to the dynamic six day test to investigate 
experimentally the influence of start-up and stop phases on total annual 
emissions (Papers II, III). 

Measured emission data from three operating phases of the pellet 
appliances were used to build an emission model and validated with a dynamic 
operation sequence of the heating system. 

1.5 Limitations 
The study is based on the measurements of emissions from six residential 

wood pellet heating devices and the emission characteristics are different from 
device to device according to their combustion technology, settings and 
operation sequence. Therefore, the emission characteristics from this study 
can only be comparable to similar wood pellet heating devices. Same 
limitation can be applied to the emission model developed in this study. 
Emission factors of the wood pellet heating devices can vary with design 
parameters. It should also be noted that the particle emissions in this study are 
measured with an electrical low pressure impactor (ELPI) in a full flow 
dilution tunnel according to (NS:3058-2 1994). The conditions of particle 
sampling and the measurement instrument should be taken into account in 
comparison of particle emissions with other measurements. 

Most of the tested boilers were provided by the project partners and only 
boiler B2 was purchased to include in the test for its cleaning sequence with 
compressed air during stop which was a new feature in the market. The tested 
boilers may not represent the market since only six boilers were included in 
the study. 
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2 Background 

Small pellet boilers and stoves are widely used in the Nordic countries for 
residential heating. Wood pellet combustion during steady operation is usually 
stable and produces low emissions than wood log boilers (Johansson et al. 
2004). In contrast, the combustion during start-up and stop phases is extremely 
unstable and high concentration emissions such as carbon monoxide and 
hydrocarbon are generated refs. On annual basis, the amount of emissions per 
combusted energy from a residential heating appliance can be higher than the 
steady operation due to high concentration of emissions from the start-up and 
stop phases. 

2.1 Residential wood pellet heating in Sweden 
The energy use in the residential and service sectors represents 

approximately 40 % of the total energy use in Sweden and almost 60% of the 
energy use in this sector is accounted for space heating and domestic hot water 
(Swedish-Energy-Agency 2012). In 2012, a total of 32.5 TWh of energy was 
used for heating and hot water in one- and two-dwelling buildings, excluding 
electricity used for household purposes and energy extracted from heat pumps  
(Swedish-Energy-Agency 2013). Biofuel (fire wood, wood chips and pellets) 
combustion was the second most common method used in single family 
houses with 11.5 TWh. There are about 600 000 single family houses in 
Sweden that used only biofuel or biofuel in combination with electricity for 
heating in 2012 (Swedish-Energy-Agency 2013). 

The use of wood pellets in residential heating has been steadily growing as 
shown in Figure 2.1. Figure 2.1 presents the amount of pellets delivered 
annually to the Swedish market from 1997 to 2012 (Pelletsförbundet 2013). 
The peak consumption of pellet in 2010 was mainly due to the cold weather. 
The decrease in consumption of pellets in recent years is due to at least two 
reasons. First, the average energy consumption for heating in single family 
houses has decreased from 126.5 kWh/m2 in 2010 to 113 kWh/m2 in 2012. 
Second, the installation of heat pump has been increasing in single family 
houses. In 2012, roughly half of the small residential houses (one or two 
family houses) in Sweden have a heat pump installed and the most common 
type is an air to air heat pump (Swedish-Energy-Agency 2013). 
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Figure 2.1 Delivered amount of pellets to users in Sweden (PIR: Swedish 

association of Pellet Producers)(Pelletsförbundet 2013). 

 

Figure 2.2 Number of pellet burners sold in Sweden from SBBA (Swedish 

Heating Boilers and Burners). 
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Figure 2.2 shows the number of pellet heating devices sold annually in 
Sweden (SBBA 2013). Burner sales also increased rapidly until 2006. The 
sale has dropped significantly from 2007 because most of the oil boilers were 
already replaced and the government support for installing pellet boilers was 
removed.  

2.2 Emission characteristics of residential pellet 
combustion 

Wood pellet combustion in residential heating, nowadays, is efficient and 
produces significantly lower emissions than the wood log boilers (Johansson 
et al. 2004). However, the transient operation of wood pellet devices is not at 
optimal conditions and produces significantly high emissions such as carbon 
monoxide and hydrocarbon from incomplete combustion. Studies (Olsson 
2006; Obernberger et al. 2007) show that the ignition takes a much longer time 
in pellet heating appliances than in oil and gas boilers and a higher 
concentration of particles is generated during the start-up phase and load 
change phase due to incomplete gas phase burn out (Brunner et al. 2006; 
Obernberger et al. 2007). Residential wood pellet boilers in real life operation 
often start up to several thousand times annually and previous studies (Fiedler 
et al. 2006; Persson 2006; Fiedler 2009). The results show that the annual CO 
emissions from a domestic pellet boiler mainly come from start-up and stop 
conditions. Considering that a large part of the total annual CO emissions can 
be linked to the start-up and stop phases, there is a potential for decreasing 
emissions further by reducing the number of start-ups. However, there is a 
lack of knowledge on emission characteristics for these phases to be able to 
determine the potential reduction. 

Moreover, the emissions from the start-up and stop phases of the 
combustion devices are generally not taken into account in test methods for 
quality labels which primarily focus on emissions during operation on full 
load and part load (Pettersson et al. 2012). Similarly, national emission factors 
for residential pellet heating systems are generated from measurements 
primarily during steady operation (Paulrud et al. 2010). 

Emission data for steady operation of the wood pellet boilers and stoves 
can be found in a lot of reported literature (Johansson et al. 2004; Boman et 
al. 2005a; Boman et al. 2005b; Sippula et al. 2007; Todorovi et al. 2007; 
Good 2009; Paulrud et al. 2010; Boman et al. 2011; Schmidl et al. 2011). 
Except for some CO and TOC emission data (Streicher 2007; Fiedler 2009; 
Good 2009; Persson et al. 2009; Haberl et al. 2010; Schmidl et al. 2011), 
emission characteristics related to start-up and stop phases of the residential 
pellet boilers are scarce and the impact of these transient operations on the 
emission factors of the residential pellet heating systems are unknown. 
Therefore, the main aim of the research in this thesis is to study the emission 
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can be found in a lot of reported literature (Johansson et al. 2004; Boman et 
al. 2005a; Boman et al. 2005b; Sippula et al. 2007; Todorovi et al. 2007; 
Good 2009; Paulrud et al. 2010; Boman et al. 2011; Schmidl et al. 2011). 
Except for some CO and TOC emission data (Streicher 2007; Fiedler 2009; 
Good 2009; Persson et al. 2009; Haberl et al. 2010; Schmidl et al. 2011), 
emission characteristics related to start-up and stop phases of the residential 
pellet boilers are scarce and the impact of these transient operations on the 
emission factors of the residential pellet heating systems are unknown. 
Therefore, the main aim of the research in this thesis is to study the emission 
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characteristics from transient phases and investigate the impact of these 
emissions on annual emission factors. Streicher et al. (2007) reported the start-
up and stop emissions of CO and TOC for one pellet boiler. The studies by 
Persson (2006; 2009) and Fiedler (2006; 2009) present measured and 
simulated CO emissions for start-up, steady operation and stop phases of 
several wood pellet devices. The system simulation result show that the CO 
emissions during start-up and stop phases are the dominating source of annual 
CO emissions from the residential heating boilers operated under realistic 
conditions. Higher concentrations of particles are shown to be generated 
during the start-up phase and load change phase due to incomplete gas phase 
burn out (Brunner et al. 2006; Obernberger et al. 2007). In the study by 
Schmidl et al. (2011), both particle and gaseous emissions are presented for 
the start-up phase. Good and Nussbaumer (2009) have reported the emission 
characteristics during three operation phases for two pellet boilers and 
presented the emissions for both start-up and stop phases as well as for steady 
operation. 

2.3 Influence of sampling on particle emissions 
There are two main established methods commonly used in sampling of 

particle emissions from residential wood combustion. In the stack sampling 
method, particles are sampled in the hot flue gases in the chimney to avoid 
condensation of many organic compounds from incomplete combustion. 
European standard, EN 13284-1 (CEN 2002), German method (VDI-2066 
2006) and EPA method 201A (EPA 1997) prescribe particle sampling in hot 
flue gas to determine the emissions from stationary sources. Norwegian 
standard NS30582-2 (NS:3058-2 1994) requires dilution sampling in which 
particles are sampled in the dilution tunnel where the flue gas is cooled down 
during which time processes such as coagulation, condensation, and 
nucleation of organic gaseous compounds occur. Consequently, concentration 
of particles is expected to be higher with sampling in cold flue gases in the 
dilution tunnel compared to stack sampling in hot flue gases. Since both 
methods are commonly used in publications, it is difficult to compare reported 
emission data due to the different sampling methods. 

An experimental study by Gaegauf (2007) shows that the particle mass 
emissions sampled in the dilution tunnel can be 1.5 to 2.6 times higher than 
sampled in hot flue gas in the chimney for wood combustion and 1.1 to 1.3 
times higher for pellet combustion. Another similar study (Johansson et al. 
2008) shows that the particle mass emissions in the dilution tunnel can be 2 to 
10 times higher than in the chimney for the wood stoves and the boilers. 
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2.4 Influence from fuel composition and additives 
The fuel composition significantly influences the formation of ash particles 

and consequently the particle emissions. A high ash concentration in the fuel 
often causes high particle emissions. A higher particle concentration is shown 
to be correlated with a higher content of ash in the fuel (Sippula et al. 2007; 
Lamberg et al. 2013). The ash concentration in wood pellets depends on the 
raw material and the commercial soft wood pellet in Sweden contains around 
0.3 % to 0.5 % of ash (See fuel compositions of pellets used in Table 3.2).  

During combustion of alkali metals in fuel such as potassium (K) and 
sodium (Na) they may condensate on heat exchanger surfaces and build sticky 
layers together with chlorine (Cl), silicon (Si) and sulphur (S) which will 
develop more deposits and may also enhance corrosion (Miles et al. 1995; 
Miles et al. 1996; Kaufmann et al. 2000; Davidsson et al. 2008). The studies 
by Bäfver et al. (2009) and Carvalho (2012) describe in what principal way 
additives are reacting with alkali compounds during combustion. The 
additives can react instead of the alkali and form substances with higher 
melting temperatures that do not build sticky layers; they can prevent the 
release of gaseous KCl or react with KCl into less corrosive components and 
a combination of these effects are also possible. High concentration of alkali 
metals and chlorine in fuel may increase sintering, formation of deposits and 
corrosion in the boiler.  

Bäfver et al. (2009) also show that the particle emission can be potentially 
lowered by addition of kaolin additives to the biomass fuel. Magnesium 
hydroxide is currently used to control slagging, fouling and tube cracking in 
coal fired boilers. Steenari et al.(2009) point out the importance of magnesium 
in reactions with kaolin for anti-sintering effects. It is expected that also the 
addition of magnesium oxide will form mixtures with much higher melting 
temperatures, which will decrease the amount of deposits in the boiler 
convection surfaces (Khullar 1997; Sims 2004). Khullar (1997) reports 
experience based results by using magnesium additive, such as higher melting 
temperatures of ashes and improved combustion with less soot. 

2.5 Emission limits and test methods 
Emission limits are an important part of the ecolabels for pellet boilers and 

pellet stoves such as the Nordic ecolabel (Nordic-Ecolabelling 2010), the 
Blauer Engel (2010) and the EU ecolabel (EU 2014). These labels are 
currently voluntary and the only mandatory emission limits in Sweden are 
given by building regulations BBR (Boverket 2008). The recently approved 
Ecodesign criteria (EU 2015b) is legally binding to implement for EU member 
countries and will be mandatory for the manufactures selling on the European 
market starting from 2020 for pellet boilers and from 2022 for pellet stoves. 



10 
 

characteristics from transient phases and investigate the impact of these 
emissions on annual emission factors. Streicher et al. (2007) reported the start-
up and stop emissions of CO and TOC for one pellet boiler. The studies by 
Persson (2006; 2009) and Fiedler (2006; 2009) present measured and 
simulated CO emissions for start-up, steady operation and stop phases of 
several wood pellet devices. The system simulation result show that the CO 
emissions during start-up and stop phases are the dominating source of annual 
CO emissions from the residential heating boilers operated under realistic 
conditions. Higher concentrations of particles are shown to be generated 
during the start-up phase and load change phase due to incomplete gas phase 
burn out (Brunner et al. 2006; Obernberger et al. 2007). In the study by 
Schmidl et al. (2011), both particle and gaseous emissions are presented for 
the start-up phase. Good and Nussbaumer (2009) have reported the emission 
characteristics during three operation phases for two pellet boilers and 
presented the emissions for both start-up and stop phases as well as for steady 
operation. 

2.3 Influence of sampling on particle emissions 
There are two main established methods commonly used in sampling of 

particle emissions from residential wood combustion. In the stack sampling 
method, particles are sampled in the hot flue gases in the chimney to avoid 
condensation of many organic compounds from incomplete combustion. 
European standard, EN 13284-1 (CEN 2002), German method (VDI-2066 
2006) and EPA method 201A (EPA 1997) prescribe particle sampling in hot 
flue gas to determine the emissions from stationary sources. Norwegian 
standard NS30582-2 (NS:3058-2 1994) requires dilution sampling in which 
particles are sampled in the dilution tunnel where the flue gas is cooled down 
during which time processes such as coagulation, condensation, and 
nucleation of organic gaseous compounds occur. Consequently, concentration 
of particles is expected to be higher with sampling in cold flue gases in the 
dilution tunnel compared to stack sampling in hot flue gases. Since both 
methods are commonly used in publications, it is difficult to compare reported 
emission data due to the different sampling methods. 

An experimental study by Gaegauf (2007) shows that the particle mass 
emissions sampled in the dilution tunnel can be 1.5 to 2.6 times higher than 
sampled in hot flue gas in the chimney for wood combustion and 1.1 to 1.3 
times higher for pellet combustion. Another similar study (Johansson et al. 
2008) shows that the particle mass emissions in the dilution tunnel can be 2 to 
10 times higher than in the chimney for the wood stoves and the boilers. 

11 
 

2.4 Influence from fuel composition and additives 
The fuel composition significantly influences the formation of ash particles 

and consequently the particle emissions. A high ash concentration in the fuel 
often causes high particle emissions. A higher particle concentration is shown 
to be correlated with a higher content of ash in the fuel (Sippula et al. 2007; 
Lamberg et al. 2013). The ash concentration in wood pellets depends on the 
raw material and the commercial soft wood pellet in Sweden contains around 
0.3 % to 0.5 % of ash (See fuel compositions of pellets used in Table 3.2).  

During combustion of alkali metals in fuel such as potassium (K) and 
sodium (Na) they may condensate on heat exchanger surfaces and build sticky 
layers together with chlorine (Cl), silicon (Si) and sulphur (S) which will 
develop more deposits and may also enhance corrosion (Miles et al. 1995; 
Miles et al. 1996; Kaufmann et al. 2000; Davidsson et al. 2008). The studies 
by Bäfver et al. (2009) and Carvalho (2012) describe in what principal way 
additives are reacting with alkali compounds during combustion. The 
additives can react instead of the alkali and form substances with higher 
melting temperatures that do not build sticky layers; they can prevent the 
release of gaseous KCl or react with KCl into less corrosive components and 
a combination of these effects are also possible. High concentration of alkali 
metals and chlorine in fuel may increase sintering, formation of deposits and 
corrosion in the boiler.  

Bäfver et al. (2009) also show that the particle emission can be potentially 
lowered by addition of kaolin additives to the biomass fuel. Magnesium 
hydroxide is currently used to control slagging, fouling and tube cracking in 
coal fired boilers. Steenari et al.(2009) point out the importance of magnesium 
in reactions with kaolin for anti-sintering effects. It is expected that also the 
addition of magnesium oxide will form mixtures with much higher melting 
temperatures, which will decrease the amount of deposits in the boiler 
convection surfaces (Khullar 1997; Sims 2004). Khullar (1997) reports 
experience based results by using magnesium additive, such as higher melting 
temperatures of ashes and improved combustion with less soot. 

2.5 Emission limits and test methods 
Emission limits are an important part of the ecolabels for pellet boilers and 

pellet stoves such as the Nordic ecolabel (Nordic-Ecolabelling 2010), the 
Blauer Engel (2010) and the EU ecolabel (EU 2014). These labels are 
currently voluntary and the only mandatory emission limits in Sweden are 
given by building regulations BBR (Boverket 2008). The recently approved 
Ecodesign criteria (EU 2015b) is legally binding to implement for EU member 
countries and will be mandatory for the manufactures selling on the European 
market starting from 2020 for pellet boilers and from 2022 for pellet stoves. 



12 
 

This means that a boiler or a stove cannot be sold if it does not fulfil the 
required emission and efficiency limits. In combination with the Ecodesign 
criteria, requirements for energy labelling of the biomass boilers and stoves 
(EU 2015a) have been developed and approved. 

Table 2.1 Emission limits of major ecolabels for automatically fired pellet 

boilers and stoves. 
Pellet boiler CO 

(mg·m-3) 
OGC 

(mg.m-3) 
NO 

(mg.m-3) 
PM 

(mg.m-3) 
Ref. O2  

(%) 

Nordic ecolabel 250/250 10/10 200/200 30/40 10 

Blauer Engel 80/180 5 150 20/40 13 

EU ecolabel 175 7 150 20 10 

Ecodesign1 500 20 200 40 10 

Pellet stove CO 
(mg.m-3) 

OGC 
(mg.m-3) 

NO 
(mg.m-3) 

PM 
(mg.m-3) 

Ref. O2  
(%) 

Nordic ecolabel 200 10 - 15 13 

Blauer Engel 160/350 8/13 150 20/45 13 

EU ecolabel - - - - - 

Ecodesign1 300 60 300 20 
(or 2.5 or 
1.2 g/kg)2 

13 

1To be implemented from 2020. 
2Different values depending on sampling method. See details in ref.  
 
Table 2.2 Reference standards for emission measurements of pellet boilers for 

selected ecolabels 

Ecolabel CO OGC NO PM 
Nordic ecolabel EN 303-5 

(CEN 2012b) 
EN 303-5 EN 14792 

(CEN 2005) 
EN 303-5 

Blauer Engel EN 303-5 EN 303-5 EN 303-5 EN 303-5 
EU ecolabel EN 15058 

(CEN 2006b) 
EN 12619 
(CEN 2013) 

EN 14792 
(CEN 2005) 

EN 13284-1 
(CEN 2002) 

Ecodesign Not specific: reliable, accurate and reproducible methods 
that take into account the generally recognized state-of-
the-art methods. 

 
Table 2.3 Reference standards for emission measurements of pellet stoves for 

Nordic ecolabel 

Ecolabel CO OGC NO PM 
Nordic ecolabel EN 14785 

(CEN 2006a) 
CEN/TS 15883 
(CEN 2009) 

- CEN/TS 
15883 
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The emission requirements for the residential heating devices vary between 
the ecolabels. The emission limit values set by three major ecolabels and the 
eco-design criteria for automatic small scale wood pellet boilers and stoves 
are presented in Table 2.1. Voluntary ecolabels require the combustion 
devices to be tested at an accredited institution according to the recommended 
standards for respective emissions. The Ecodesign will not require the test to 
be at an accredited institution and the manufacture may do the test according 
to the standards recommended. In Table 2.2, the standards required for 
emission measurements for the ecolabels are presented.  

The Nordic ecolabel appoints to different standards in emission 
measurement of pellet stoves and boilers while the other labels prescribes 
same standards for both stoves and boilers. The standards for measurement of 
pellet stoves for Nordic ecolabel are shown in Table 2.3. EN 303-5 standard 
is the most commonly used standard for boiler testing and it applies to heating 
boilers up to a nominal heat output of 500 kW. It covers requirements and test 
methods for safety, combustion quality, operating characteristics, marking and 
maintenance of heating boilers using different types of fuels. For emission 
measurements, EN 303-5 refers to EN 15058 for CO, EN 15883 for OGC and 
NO as well as EN 12619 for OGC, EN 14792 for NO and EN 13284-1 for 
particle emission. EN 14785, referred for the pellet stove in Table 2.3 by 
Nordic ecolabel, applies only to residential space heaters fired by wood pellets 
up to 50 kW nominal heat output.  

All ecolabels require emission measurements at rated/nominal heat output 
and part load heat output. The measured emissions of the two operation loads 
are reported for Nordic ecolabel and Blauer Engel as in Table 2.1. For the EU 
ecolabel and Ecodesign, a weighted value is calculated from both operation 
and presented as the seasonal space heating emissions. The recommended low 
power operation for automatically fired boilers and stoves is 30 % of the rated 
power. 

2.6 Dynamic system test of solar and biomass heating 
system 

The current standard for testing of solar combi-systems is based on  
component testing and system simulation (CTSS)(CEN 2012a). This is a 
method to measure and model the system components individually based on 
the measurement test results and then putting the component models together 
into a system model in order to estimate the annual system performance by 
system simulations. Another approach is the whole system testing (WST) 
method that has been developed to test solar combisystems under realistic 
operation conditions. Three different WST methods have been developed by 
four different institutions in Europe and the detailed comparison of these 
methods are presented in the study by Haller et al. (2013). 
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The dynamic test method used in this study to estimate annual emissions 
from the boilers is based on the Combitest method, developed by Bales (2004) 
and then further developed for system testing by Pettersson et al. (2012). The 
test method is based on realistic load and climate sequences from all seasons 
combined so that the energy balance from the test sequence of six days can be 
extrapolated to annual data. The weather data, space heating and water heating 
load profiles for six days are characterized to give representative conditions 
of all seasons in a year. Therefore, the operation of the combustion device 
during the six day test can be representative for the annual operation of the 
device and the emission factors resulting from the test can also be 
representative for the annual emission factors for the tested system. 

2.7 Emission estimation by energy system simulation 
The operation conditions of a pellet boiler depends on several factors: 

heating load, storage volume, combustion power, control strategy and set 
temperatures. A pellet stove in residential heating for a single family house 
can start and stop up to several thousand times in a year (Persson et al. 2006b). 
Therefore, it is also important to include the emissions from the transient 
phases in order to correctly identify the annual emissions from the residential 
heating systems. To get annual emission factors from a real life operation of 
pellet heating system is time consuming and costly as continuous emission 
monitoring involves hazardous conditions and expensive equipment.  

Residential heating systems can be simulated in TRNSYS to give a realistic 
operation for energy performance with existing models for the system 
components. It will be beneficial to obtain annual emission factors together 
with the energy balance of the system from the simulation. The existing stove 
or boiler model Type 210 (Nordlander 2003) in TRNSYS has an emission 
model only for carbon monoxide (CO). Persson et al. (2006a) and Fiedler 
(2006) improved the CO emissions model with the addition of emissions for 
start and stop phases. Emission characteristics related to start-up and stop 
phases of the residential pellet appliances are scarce although many reported 
emission factors for steady operation can be found in literature. Streicher et 
al. (2007) reported  CO and TOC emissions  as a combined value for both 
start-up and stop phases. 

However a detailed emission model to simulate both gaseous and particle 
emissions is not available. Therefore, the emission model for a residential 
wood pellet device was statistically developed from measured data to 
determine annual emission factors from residential combustion. 
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3 Materials and methods 

Characterization of emissions from different operating phases was 
performed on four residential wood pellet devices. The emissions from 
realistic operation of six residential heating systems were measured according 
to the dynamic six days test (Pettersson et al. 2012) using four wood pellet 
devices of which two were from the tests for characterization. All 
experimental work was carried out at the combustion laboratory at Dalarna 
University. 

3.1 Combustion devices 
All wood pellet combustion devices measured in this study are commonly 

used in residential heating systems. They include a bottom fed boiler, a stove 
and four top fed boilers of which one has a cleaning sequence with pressurized 
air during a burn out phase. The main characteristics of the tested combustion 
devices are summarized in Table 3.1 and the schematic drawing of the devices 
are shown in Figure 3.1. Boiler B4 and B5 has the same schematic drawing as 
boiler B2. 

 
Table 3.1 Summary of the characteristics of tested wood pellet devices. 

Boiler / Stove B1 B2 B3 B4 B5 S1 

Nominal 
power (kW) 12 20 25 20 20 12 

Water 
volume (litre) 

50 150 130 50 50 20 

Control 
principle 

Modulating 
standby/off High/low/off On/off On/off On/off On/off 

Fuel 
feeding type 
 

Bottom fed Top fed Top fed Top fed Top fed Top fed 

Ignition type Hot air Hot air Hot air Hot air Hot air Hot air 
 

Boiler B1 (Papers I,V, VI) is a bottom fed boiler with a nominal power of 
12 kW, which can be operated on a fixed combustion power in combination 
with ON/OFF or in a mode where it modulates between three different 
combustion powers depending on the water temperature. As the boiler B1 is a 
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bottom fed boiler, the ash removal is accomplished by the new pellets being 
inserted from below and displacing the ash. Regular short cleaning sequences 
with a high amount of surplus air assist the ash to fall over the edge of the 
combustion pot into the ash tray. The maintenance firing mode of the boiler 
B1 was not measured in this study as it is already shown by Pettersson et al. 
(2004) that this increases the emissions compared to ON/OFF. 

 

Figure 3.1 Schematic of the tested wood pellet combustion devices; (a) boiler 

B1, (b) Boiler B2 and B3 and (c) Stove S1. 

Boiler B2 (Papers I, II, III, V and VI) is a top fed boiler with a nominal 
combustion power of 20 kW with an integrated hot water preparation unit. It 
has a tube type burner and operates with two operating settings; high and low 
power. It starts on a lower water temperature setting and operates at high 
combustion power until a slightly higher water temperature is reached and 
then on low combustion power until the water temperature reaches the 
maximum set temperature. This boiler uses a cleaning routine with 
compressed air which is activated during the stop sequence. The remaining 
uncombusted fuel and ash are discharged with compressed air into the ash box.  

Boiler B3 (Paper V and VI) is also a top fed boiler with a tube type burner 
similar to boiler B2 and it has a nominal combustion power of 25 kW. The 
boiler operates at a constant combustion power until the desired boiler water 
temperature is reached and it begins the stop phase to shut down the boiler.  

Boilers B4 (Paper III) and B5 (Papers III, IV and V) are also top fed boilers 
with a tube type burner and they have a nominal combustion power of 20 kW.  

The pellet stove S1 (Papers II, III, V and VI) has a nominal power of 12 
kW and the fuel bed is situated in a ceramic cup with air stage combustion. 
The stove operates at constant power and shut down when the store set 
temperature is reached. It has a cleaning routine after every 1.5 hours of 
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operation during which the ashes are removed by opening the bottom of the 
combustion cup. All tested pellet combustion devices are coupled to automatic 
pellet feeding and use an electric element to ignite the fuel with hot air. 

3.2 Fuels 
The elemental composition, moisture content and lower heating values of 

the wood pellets used in the tests were analyzed by an accredited laboratory 
and   are presented in Table 3.2. The pellets are made from soft wood and 
certified with SS 18712026 for the Swedish market. Three batches of 
purchases were made for all the tests. The pellets from batch I were used in 
combustion experiments of boilers B1 and B2. Pellets from batch II were used 
in the measurements of boiler B3, B4 and stove S1. The pellets from batch III 
were used in the tests for B5. Samples of the fuel from each test day were 
collected in plastic bags and the moisture ratio was analyzed according to 
standard EN 14774-127 . The actual humidity ratio was used to recalculate the 
heating value of the fuels depending on the humidity level. 

Two types of pellets with additives were produced with fresh sawdust of 
Norway spruce (Picea Abies) as the raw material at a local sawmill to 
investigate the influence on emissions and deposit formation by adding 0.8 % 
weight of magnesium (MgO) and magnesium hydroxides (Mg(OH)2) as 
additives for each type of pellet. The experiments of the pellets is presented in 
detail in paper IV. 

Table 3.2 Elemental compositions and lower heating value LHV) of wood 

pellets. 

Element Unit Batch I Batch II Batch III 

Carbon wt% dry 51.20 50.74 50.90 

Oxygen wt% dry 42.00 42.52 42.2 

Hydrogen wt% dry 6.30 6.23 6.10 

Nitrogen wt% dry 0.20 0.10 0.27 

Ash wt% dry 0.30 0.41 0.42 

Moisture1) wt% wet 8.20 6.80 6.8 

LHV1) MJ/kg 17.68 17.56 17.79 
1) Measured at the accredited test institute. Samples from each test day were 
analyzed according to EN 14774-1(2005) and the LHV was adjusted. 
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3.3 Experimental procedure: Characterization of 
emissions 

Characterizations of emissions were performed with four combustion 
devices presented in Table 3.3. A schematic figure of the experimental set up 
is shown in Figure 3.2. The flue gas flows are measured in the chimney and 
in the dilution tunnel. The gaseous emissions are measured at the chimney and 
the particle emissions are sampled in the dilution duct. The boiler and the 
pellet store is put on the scale (WS1) to monitor the continuous rate of pellet 
combustion. 

 
Table 3.3 Overview of measurements and number of repetitions. 

Operation B1 B2 B3 S1 B5 

Steady high power (HPb) 3 3 4 3 - 

Steady medium power ((MPb) 3 4 3 3 3* 

Steady low power (LPb) 2 3 3 3 - 

Cold start-up 9 13 9 9 - 

Warm start-upa 3 14 3 3 - 

Stop 12 12 12 12 - 
a Start-up with the initial boiler water temperature above 40 °C.  
b The combustion power HP, MP and LP of the devices are presented in Figure 4.3. 
* Measured during combustion of fuels with additives (paper IV). 

 
The air supply and fuel flow rate of the boilers were adjusted prior to the 

measurements at each combustion power except for the stove S1 which was 
pre-adjusted by the retailer. The adjustment criteria for each combustion 
power was to minimize the CO concentration by adjusting the combustion air 
flow rate and avoiding high NO emissions and frequent CO peaks which may 
occur at very low air to fuel flow ratios. However, the adjustment criteria was 
not applied to the low and medium combustion power of B2. In all tested 
combustion appliances, the settings of air and fuel supply for start-up and stop 
phases are separated from that of steady operation. The O2 level was checked 
for start-up and the fuel dose and air supply for start-up was adjusted if O2 
concentration during the start-up was too high or too low according to the 
instructions in the operating manual. 

Emission measurements during steady operation were performed at high, 
medium and low combustion power of the pellet devices. The overview of 
emission measurements and replications are presented in Table 3.3. As each 
device has different operating procedures and control strategies, the strategy 
used to allow operation of the boiler at the desired combustion power for a 
long time period was to control the boiler temperature and to adapt the heat 
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load. The duration when the emissions were counted for the steady 
measurements, lasted from the point where steady operation was reached (CO-
emissions and temperatures were fairly stable) until the stop phase was 
introduced. The length of the steady combustion power measurements in the 
tests varies between two and four hours. 

 

 
Figure 3.2 Experimental set up for characterization of emissions from 

different phases of pellet combustion devices (Paper I, IV, V and VI). 

3.3.1 Criteria of start-up and stop phases 

The main criteria in defining the duration of start-up and stop phases were 
combustion power, flue gas temperature and CO emission rate. The start-up 
phase was defined to last from the rise of CO emission from ignition until CO 
concentration, flue gas temperature and combustion power have reached the 
same level as in a steady operation. The levels of these three parameters differ 
according to the operation settings for a steady operation and the end of the 
start-up phase is identified by changes in combustion condition from start-up 
to steady operation. Among three parameters for defining the end of start-up 
phase, the main parameter is the CO emission which is a good indicator of 
changes in combustion condition from start-up phase to stable combustion. 
The determination of start-up and stop phases is illustrated in Figure 3.3 for 
the boiler B1. The fall of higher CO emission to a steady level marks the end 
of the start-up phase. The stop phase was determined from the abrupt fall of 
combustion power, flue gas temperature and the electricity consumption of 
the boiler as the fuel feeding screw stopped operating. The emissions from the 
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stop phase were counted until the CO concentration is less than 10 ppm. The 
duration of the start-up and stop phases varied with the combustion sequences 
in each heating devices. 

 

 

Figure 3.3 Emission characteristics during the start-up and stop of the boiler 

B1. 

3.4 Experimental procedure: Dynamic system testing 
Five combined solar and pellet heating systems and one reference boiler 

without a solar system with integrated DHW preparation were tested in a 
laboratory under realistic operation conditions (Paper III). The overview of 
main parameters of the tested systems is presented in Table 3.4. A schematic 
drawing of the experimental set up of the combined solar and pellet heating 
system for the dynamic system test is shown in Figure 3.4. 

System A was set up as the reference system and therefore neither the solar 
collector nor the buffer store was included. The same volume for the buffer 
water store was used in other systems (systems B to F) but the amount of water 
in the buffer store, heated by the boiler or the stove, was varied in each system 
as the systems have different storage configurations. The start and stop 
operation of pellet boilers or stove are controlled by the system controller 
using one or two temperature sensors in the external storage or in the 
integrated water store. 

The boiler B4 was used in both systems C and D with different operating 
power. The combustion chamber of boiler B4 appeared to be too small for the 
fire during the operation with 80 % of combustion power, showing poor 
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combustion conditions during stable operation. The operating power of B4 
was reduced to 70% in system D and a one-way valve was added to the circuit 
between the boiler and the store to avoid the possible backward discharge from 
the buffer store. 

Table 3.4 Main system parameters of the tested systems. 

System Unit A B C D E F 

Boiler/ Stovea - B2 S1 B4 B4 B5 B5 
Rated combustion power kW 20 12 20 20 20 20 

Operating combustion power 
% of 
rated 

50%/
80% 

80% 80% 70% 80% 80% 

ON/OFF temperature sensor no. 1 2 1 1 2 2 
Boiler/stove water volume litre 150 20 50 50 50 50 
Buffer store volume litre - 750 750 750 750 750 
% of store heated by boiler/stove % - 40 70 70 100 50 
Solar collector area m2 0 10 10 10 12 12 
a Details of the boilers and the stove are described in section 3.1 

 
Systems E and F are based on the boiler B5 operating at 80% of the nominal 

power. The difference between system E and F was that a new storage tank 
design and higher boiler set temperatures are used in system F. The boiler 
ON/OFF set temperatures in system F is increased from 69/73 °C to 74/81 °C.  

To achieve a realistic operation of the combustion devices, testing of the 
combined solar and pellet heating system was performed according to a test 
method originally developed for store testing by Bales (2004) and then further 
developed for system testing by Pettersson et al. (2012). The test method is 
based on a realistic load and climate sequences from all seasons combined so 
that the energy balance from the test sequence of six days can be extrapolated 
to annual data. The weather data, space heating and water heating load profiles 
for six days are characterized to give representative conditions for all seasons 
in a year. Therefore, the operation of the combustion device during the six 
days test will represent the annual operation of the device and the emission 
factors resulting from the test can be used as the annual emission factors for 
the tested system. The solar collector, the domestic hot water load and the 
space heating load are emulated as shown in Figure 3.4 and the emulators were 
controlled with a combination of Labview (National Instruments Corp. 2009) 
and the simulation software TRNSYS (Klein et al. 2006). The performance of 
the solar collectors was emulated using the TRNSYS model type 832 (Perers 
and Bales 2003) and based on the specific collector included in the system. 
An average daily load of 8 kWh (29 MJ) was applied in the domestic hot water 
profile and the space heating load was taken from the simulation of a house in 
Zurich with 100 kWh/m2-year heating requirement (Bales 2004) resulting in 
a load of 218 kWh (785 MJ) for the six-day test period.  
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Figure 3.4 Experimental set up for six days dynamic system tests (paper II). 

3.5 Experimental procedure: pellets with additives 
Three different types of wood pellet were produced, one reference pellet 

without additives, one pellet with magnesium oxide (MgO), and one with 
magnesium hydroxide (Mg(OH)2). The Pellet with additives and the reference 
pellet without the additives were produced from the same raw material. In 
addition a commercial pellet was tested. The composition of the pellets with 
additives is presented in details in paper IV. Combustion experiments at steady 
operation for about six hours were performed in a pellet boiler with nominal 
power of 20 kW. The experimental set up shown in Figure 3.2 was used for 
combustion of pellets with additives. The emission measurements were 
performed according to sections 2.7 and 2.8. Gravimetrical measurements of 
ash deposition were conducted using four stainless sample rings in the flue 
gas heat exchanger tubes and the substrates were analyzed with SEM 
(Scanning Electron Microscope) mapping to evaluate the chemical 
composition of the deposits. 

3.6 Fuel and flue gas flow measurements 
The boiler and the fuel storage were installed on weighing scales (WS1 in 

Figure 3.2 and Figure 3.4) which have a measurement resolution of 200-300 
grams, to measure the fuel consumption continuously. The fuel consumption 
during the start-up and stop phases was small relative to the measurement 
resolution of the scales and consequently the uncertainty of the weight 
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measurement for the total fuel consumed during the start-up and stop phases 
is high. Therefore, the fuel consumption was calculated from the measured 
flue gas flow rate, O2 concentration and fuel composition using combustion 
calculations according to Wester (2009) and Persson et al (2006a). 

The transient flue gas flow rate during the start-up and stop phases are too 
low to measure with acceptable precision by most commercially available 
flow sensors. Therefore, a set of multi-port averaging Pitot-tubes, calibrated 
in combination with the pressure transducer which is specific to the installed 
chimney, was used in order to be able to measure the transient flue gas flow 
rates during start-up and stop phases (Paavilainen 2012). The sensors, 
including the pressure transducers, were calibrated using hot and cold air 
taking into account both density and viscosity effects. The flue gas flow sensor 
is sensitive to changes in temperature and vibrations and sometimes the zero 
point drifts away for no obvious reason, and in these cases the data was 
excluded. Regular zeroing of the sensor was carried out and a continuous 
check of the sensor was carried out for each measurement by comparing the 
total fuel consumption calculated by the measured flue gas flow rate and the 
fuel consumption registered by the weighing scales. The humidity and the 
temperature of the room air were also continuously monitored. The moisture 
content in the flue gas was calculated based on the humidity in the room air 
and the fuel moisture content according to the calculation procedure described 
by Persson et al. (2006a). 

3.7 Gaseous emission measurements 
Gaseous components were sampled from the chimney through a heated 

filter and transported via a heated tube to the gas analyzers to avoid the 
condensation of hydrocarbon as shown in figure 1. Carbon dioxide (CO2), 
carbon monoxide (CO) and nitrogen oxide (NO) were measured with a non- 
dispersive infra-red gas analyzer, oxygen (O2) with a paramagnetic gas 
analyzer and total organic carbon (TOC) with a flame ionization detector 
(FID). The emissions of TOC were presented in methane equivalents. The 
gaseous emission measurement equipment was calibrated using calibration 
gases. The mass flow rates of the emissions were calculated for each time step 
and summed up as accumulated emissions.  

3.8 Particulate matter measurements 
The sampling of particulate matter was performed in the dilution tunnel at 

a near ambient condition according to the Norwegian standard (NS:3058-2 
1994) and continuously measured with an electrical low pressure impactor 
(ELPI). Flue gas from the chimney was first diluted with the room air and a 
constant volume of flue gas sample was extracted through a sampling tube 
with a diameter of 10 mm. A hatted probe (section 3.8.2) was used to remove 
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the coarse particles, as has commonly been used in the measurement of diesel 
particles (Ahlvik 2010). The temperature of diluted flue gas at the sampling 
point was maintained at around 20 to 35 °C to get a near ambient temperature 
condition. A second dilution with pressurized clean dry air was applied in the 
diluter (Figure 3.2and Figure 3.4) to the extracted sample flue gas in order to 
reduce the concentration and extend the cleaning interval for the substrates in 
the impactor (section 3.8.1). Particulate matters were measured in number 
concentration and size distribution in the range of 7 nm to 10 m in 
aerodynamic diameter and were calculated for PM 2.5 in this study. 

3.8.1 Electrical low pressure impactor (ELPI) 

An electrical low pressure impactor was used for continuous 
measurement of particle concentration and size distribution. A schematic of 
ELPI is shown in Figure 3.5. The ELPI operating principle is based on 
particle charging and classification in a cascade impactor. The currents from 
each stage are measured with sensitive electrometers. The measured current 
in each stage is correlated with the number of particles based on a size-
dependent charging efficiency curve (Marjamäki et al. 2000). The mass 
concentration is converted from number concentration using a correction 
algorithm with some physical properties assumed such as particle density. 

 

Figure 3.5 Schematic and picture of ELPI. 

Effective density of particles is assumed to be unity in the ELPI data 
conversion. Moisio (1999) showed that the change of particle number due to 
non-unity effective density is directly proportional to the particle density  
while the change in particle mass is partly cancelled by reverse responses in 
different stages. Particle mass can be overestimated in the measurement of 
fine particles due to both particle diffusion and density. The estimated 
uncertainty of particle mass measurement due to the assumed unit particle 
density in ELPI is 20% (Maricq et al. 2006). 
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3.8.2 Hatted-probe 

The hatted-probe is a stainless steel probe configured with a cone hat design 
facing the particle stream. It is mainly used in the measurement of diesel 
particles from traffic and is designed to remove coarse particles larger than 
2.5 m (Ahlvik 2010). The schematic diagram of the hatted-probe is shown in 
Figure 3.6Figure 3.6 The cross section of the hatted-probe used for particle 
sampling. Its cone head faces the gas stream and particles are sampled 
downstream into the circular slot after the head. Only fine particles which have 
less inertia will follow the sample flue gas stream and larger particles will not 
be sampled. 

 

 
Figure 3.6 The cross section of the hatted-probe used for particle sampling. 

Particle inertia is generally considered as the main influential factor on 
sampling errors at non-isokinetic conditions and the inertial effects decrease 
significantly with reduced particle size (Vincent 2007). The inertial effects of 
fine particles can be negligible and isokinetic sampling may not be necessary 
in particle measurement of wood pellet combustion in residential heating 
systems since particles emitted from wood pellet combustion are dominated 
by the fine particles. The effect of non-isokinetic sampling within the particle 
size range of 12 - 130 nm has been shown negligible with comprehensive 
measurements (Arouca et al. 2010). 

Particle emissions sampled with the hatted-probe were compared with the 
particle emissions sampled with a standard nozzle probe under isokinetic 
conditions to evaluate the particle sampling with the hatted-probe at non-
isokinetic conditions for the particle size up to 2.5 m. The summary of the 
measurements and gas flows is presented in Table 3.5. Particle emissions were 
first sampled with an isokinetic nozzle in the isokinetic gas flow. The flue gas 
flow in the duct (Q1) was adjusted to approximately 0.075 m3s-1 which 
corresponds to the velocity (V1) and is equal to the average sampled gas 
velocity (V2) of the isokinetic nozzle. Then particle sampling with the hatted-
probed was measured. Particle sampling with both probes were measured at 
the same main gas flow rate and the measurements were repeated. 

The measured gaseous and particle emissions of the tests are presented in 
Table 3.6 together with combustion power and oxygen concentration. The 
results showed that the particle sampling with the hatted-probe is in reasonable 
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agreement with the sampling with an isokinetic nozzle under isokinetic flow. 
The average particle emission factor sampling with the standard isokinetic 
nozzle was 51 mg/MJ for particle mass and 8.5×1012 particles/MJ for particle 
number. Sampling with the hatted-probe at the same gas flow rate, the average 
particle mass was 53 mg/MJ and average particle number was 1.0×1013. At 
the same gas velocity, sampling with the hatted-probe resulted in 4 % higher 
particle mass and 18 % higher particle number on average than sampling with 
the standard nozzle. 

Table 3.5 Average measured flue gas flows, velocities and velocity ratio of the 

measurements. 

Test Sample probe 
Q1 V1 V1/V2 m3s-1 ms-1 

A Isokinetic nozzle 0.075 2.39 1.0 
B Isokinetic nozzle 0.079 2.51 1.1 
C Hatted-probe 0.080 2.55 15.2 
D Hatted-probe 0.075 2.39 16.2 

 
Table 3.6 Average combustion power and concentrations of O2, CO, NO, 

TOC in the chimney and particle emissions during the tested measurements. 

Test 
Pcomb O2 CO NO TOC PM mass PM no. 

(kW) (%) (mg/MJ) (mg/MJ) (mg/MJ) (mg/MJ) (1/MJ) 
A 17.6 6.4 31 87 0.6 51 0.8×1013 
B 17.1 7.0 6 74 0.9 51 0.9×1013 
C 15.9 6.5 13 88 0.2 53 0.9×1013 
D 16.7 7.4 7 96 0.9 53 1.1×1013 

3.8.3 Gravimetric measurements of deposited particles 
Four stainless steel rings (material number: 1.4432) made of X2CrNiMo17-

12-3 were used to collect deposits in the flue gas heat exchanger of the boiler. 
Two of the rings were placed in the beginning of the flue gas heat exchanger 
tubes and two of them in the middle of the flue gas heat exchanger. The 
positions of the steel rings are shown in Figure 3.7 together with the substrates. 
The rings were cleaned in an ultrasonic bath with iso-propanol and then placed 
in an oven according to EN 14775:2009 at 550˚C to remove all combustible 
particles. The rings were weighted before and after the measurement to the 
nearest 0.01 mg to measure the amount of deposits. As the rings were placed 
in a horizontal tube, fly ash that was not fixated to the surface was removed 
by carefully blowing the substrates before weighting. All the sample surfaces 
were exposed for 6.4 hours except of the Mg(OH)2 case due to an unexpected 
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boiler shut down that occurred during the measurement. Therefore the 
Mg(OH)2 sample was exposed only for 5.4 hours. 

 

 
Figure 3.7 Stainless steel rings to measure deposited particles in the flue gas 

heat exchanger and substrate for SEM analysis. 

3.8.4 SEM analysis of deposited particles 
Four substrates (15 mm by 15 mm) from the same material as the sample 

rings were placed close to the rings. Figure 3.7 shows the sample steel rings, 
the substrate and their position in the heat exchanger. Substrates in the heat 
exchanger tubes were also analyzed with scanning electron microscopes 
(SEM-instrument Jeol820 with an ISIS EDS-system) to determine the 
chemical composition of the deposits and to estimate the amount of the surface 
covered with each substance. 

3.9 Emission calculations 
The emission flow rates were calculated from measured gaseous 

concentration based on dry flue gas flow. As this study focuses on measuring 
the emissions during non-steady operation periods, the emission mass flow 
rate and the combustion power has to be calculated for each measurement time 
step in order to properly quantify the emissions. 

Flow rates of gaseous emissions (CO, NO, TOC) are calculated by the 
measured emission concentration, i , dry flue gas flow, V˙fg,dry and density of 
emission gas using the equation (3.1). 

 
m˙i = i ·  V˙fg,dry ·  i   (3.1) 

 
Particulate emission (PM2.5) is calculated by measured particle 

concentrations, ym, yn, dilution ratio, DR2, at second step dilution and diluted 
dry flue gas volume flow rate, V˙fg.dil,dry using the following equations (3.2) 
and (3.3). 
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m˙PMm = XPMm ·  DR2 ·  V˙fg.dil,dry   
 (3.2) 

 
n˙PMn = XPMn ·  DR2 ·  V˙fg.dil,dry   

 (3.3) 
 
Emission factors of the systems can be expressed in two ways; fuel energy 

basis or normalized to flue gas volume basis. Emission factor in fuel energy 
basis, EFe, is the ratio of accumulated emission to total energy in the 
consumed fuel during the chosen time period as shown in equation 3.4. 
Emission factor in flue gas volume basis, EFv, is the ratio of accumulated 
emission to total volume of flue gas normalized to 10% O2 at 0°C as shown in 
equation 3.5. The calculation of the emission factors is according to the 
equations below. 

 

 =   .
 (. ∙)   (3.4) 

EFv = mi,tot/Vfg,tot     (3.5) 

During steady operation, the fuel rate and flue gas flow is fairly constant as 
well as the oxygen concentration. During start-up and stop phases, the fuel 
consumption is too small to be measured on a scale and the oxygen 
concentration changes rapidly together with the flue gas flow rate. Therefore, 
emission factors normalized to fuel energy are calculated with the 
accumulated total fuel energy used during the measured period. Due to the 
rapid change of oxygen concentration during start-up and stop phases, 
normalizing of emissions to flue gas volume flow with a specific oxygen 
concentration (e.g. 10% O2) during non-steady operation imposes an incorrect 
representation of average oxygen concentration for the measured period. See 
further detailed discussion in section 4.1.3. Therefore emission factors are 
determined in fuel energy basis in this study. 

3.10 Emission modelling 

3.10.1 General model 

The gaseous and particle emission model for simulation of residential 
heating pellet boilers and stoves was developed using the measured emission 
characteristics of boilers and stoves. The validation of the emissions was also 
performed by comparing the measured emissions from a dynamic system test 
and simulated emissions from the same system. This emission model is 
intended to couple with heating boilers or stove models in simulation 
environment TRNSYS (Klein et al. 2006). The coupling of the emission 
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model with the thermal model type 210 ((Nordlander et al. 2006) for the pellet 
boiler is illustrated in figure Figure 3.8. The emission model reads the 
operation parameters from the boiler model and feed the fuel and air flow rate 
as inputs. The emission model control the boiler operation sequences and 
generate the emission flow rates. 

 

 

Figure 3.8 Coupling of emission model to the boiler thermal model type 210. 

The emission model for the combustion device is divided so that each 
operation phase is modelled separately. In general, the emission model of a 
combustion device is composed of three parts; start-up, steady operation and 
stop. For a combustion device such as the stove S1 which has a short 
cleaning routing during the steady operation, the emission model for the 
cleaning routine is implemented in the model. 

3.10.2 Emission profiles for start-up and stop phases 

Emissions during start-up, stop phases and the cleaning sequence are 
generated from the measured emission profiles which are characterized with 
the profile coefficients (Cpro,i) and total accumulated emissions (mi,tot) during 
respective phases of the duration ti. The calculation of emission flow rates 
from measured total emissions in these phases are described in Equation (3.6). 

  =      (3.6) 

The profile coefficients (Cpro,i) are generated for each emission profile of 
the boiler, i, for each time step, giving the accumulated total emission at the 
end of the phase. The number of start-up and stop sequences used for 
modelling can be seen in Table 3.3. 

3.10.3 Emissions from steady operation 

During nominal operation of pellet combustion, the main factors 
influencing emissions are operating fuel load, fuel/air ratio, their mixing in the 
combustion chamber and combustion temperature. Generally in a modern 
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The profile coefficients (Cpro,i) are generated for each emission profile of 
the boiler, i, for each time step, giving the accumulated total emission at the 
end of the phase. The number of start-up and stop sequences used for 
modelling can be seen in Table 3.3. 

3.10.3 Emissions from steady operation 

During nominal operation of pellet combustion, the main factors 
influencing emissions are operating fuel load, fuel/air ratio, their mixing in the 
combustion chamber and combustion temperature. Generally in a modern 
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pellet device, only the fuel load may be varied while other factors are pre-
adjusted by the manufacturer or technician from retailers. Emissions during 
steady operation are modelled with combustion power and excess air factor 
() as independent variables. 

The emission measurements for steady operation were performed with 
variation of operating combustion power; three different combustion powers 
and three replicates as shown in Table 3.3 in section 3.3. The measured data 
of boiler B2, B3 and S1 is used in developing the emission model by 
regressions function with the best fit criteria described in section 3.10.5. 

3.10.4 Excess air factor 

Excess air factor () is defined as the ratio of actual dry air consumption to 
the stoichiometric dry air consumption and it is calculated from the fuel input 
with the linear regression model generated from the measurement data. 

3.10.5 Parameter identification 
The best fit multivariate equation was selected and the parameters from the 

equations were identified by using the least square method from a number of 
measurements during steady operation. The equation for minimizing the root 
mean square error (RMSE) with the function is shown in equation (3.7), 

 

 = 
  ( − )   (3.7) 

where N is the number of measurements and xj,cal and xj,ms are the calculated 
variable and the measured variable corresponding to measurement j, 
respectively. The identified parameters are listed in Table 3.7. 

 
Table 3.7 Identified parameters in the emission model presented in section 

5.2. 

Parameter Description Unit 
100 Excess air factor at 100 % combustion power - 
0 Excess air factor at 0 % combustion power - 

COmin Minimum CO mg/MJ 
NOmin Minimum NO mg/MJ 

TOCmin Minimum TOC mg/MJ 
PMmmin Minimum PM2.5 mg/MJ 

Cm-n Particle mass to number conversion - 
a,b,c Coefficients of emission models - 
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3.11 Validation 
The emission models for the stove S1 were validated towards a one hour 

steady operation and a dynamic six-day operation. Measured data used for the 
validation of steady operation was not included in the building of the emission 
models. Measured combustion power (Pcomb), excess air factor () and flue gas 
temperature at the boiler outlet is used as input data with a 90s time step. The 
deviation between the model and the measurement was evaluated with the 
following parameters: 

 
1. |y-y'|: Sum of the absolute of the individual difference for each time 

step and presented in grams except for particle numbers. 
2. y-y': Difference between calculated and measured totals for the whole 

sequence and presented in grams except for particle numbers. 
3. s(E): Residual standard deviation for each time step and presented in 

grams per hours (g/hr) except for particle numbers (1/hr). 
4. (E): Relative total error in percent for the whole sequence. 
 

The second parameter should be smaller than the first parameter for a good 
performance of the model. Equal value of these two parameters implies that 
the model is either overestimating or underestimating in all time steps. 

3.12 Measurement uncertainty 
The uncertainties of measured parameters are estimated from the 

manufacture provided data and test measurements of three hours steady 
operation. The estimated uncertainties for measured parameters are presented 
in Table 3.8. The combined uncertainties for the calculated parameters were 
calculated using the uncertainty propagation in EES (Klein 2015). 

The uncertainty in PM mass due to fuel rate calculation from flue gas flow 
measurement is estimated to be around 5-10 % but it can be up 20% in particle 
mass calculation according to the literature (Maricq et al. 2006) 

The test to check the dilution flow showed that the DAD diluter was 
generating signal output corresponding to a 20% higher dilution ratio than the 
actual dilution. Therefore, overall measurement uncertainty for PM mass can 
be up to 20 - 50 % in this study. The dilution flow test to check the DAD 
diluter was performed after the measurements as the diluter was delivered as 
calibrated. The calibration check of DAD diluter at Dekati (manufacturer of 
ELPI) after the measurements showed 16 % higher in dilution factor due to 
the accumulated dirt in the DAD diluter. However, no correction related to 
overestimation of dilution ratio by DAD was applied to the measured particle 
data, since it is not known when the drift of the diluter occurred. 
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pellet device, only the fuel load may be varied while other factors are pre-
adjusted by the manufacturer or technician from retailers. Emissions during 
steady operation are modelled with combustion power and excess air factor 
() as independent variables. 
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Table 3.8 Estimated uncertainties of measured parameters. 

Parameter Uncertainty Unit 
Tfg ± 0.5 ° C 
DRDAD ± 0.7 - 
xCO ± 3 ppm 
XNO ± 3 ppm 
XTOC ± 1 ppm 
XPMm ± 0.02 mg/m3 
XPMn ± 5 x 103 1/m3 
V˙fg ± 0.4 Liter/s 
V˙fg,dil ± 0.4 Liter/s 

 
Table 3.9 Combined uncertainties for calculated parameters. 

Parameter Uncertainty Unit 
EFCO ± 4.1 mg/MJ 
EFNO ± 2.6 mg/MJ 
EFTOC ± 1.3 mg/MJ 
EFPMm ± 5.4 mg/MJ 
EFPMn ± 1.6 x 1012 1/MJ 
m˙fuel ± 2.4 x 10-5 kg/s 
fg ± 0.005 kg/m3 
air ± 0.005 kg/m3 
XH2O.air ± 0.004 kg/kg 
XH2O.fg ± 0.002 kg/kg 

 

3.13 Emission analysis with physical model 
The influence of the device’s physical model and operation sequences on 

the emissions characteristics during start-up and stop phases were analysed 
based on basic combustion theory. Solid fuel combustion processes are drying, 
pyrolysis, char formation and char combustion. The combustion of each 
chemical species in the fuel can be modelled with the classical reaction-
diffusion-convection as shown in equation 3.8 and the interaction of 
combustion air and fuel is illustrated in figure. 

  =  −  + v ∗ 
 −  ∗   (3.8) 

 

where Ci is the concentration of component i (O2, C, CO etc), D is the diffusion 
coefficients v is the flow of e.g. air (ms-1) and k is the reaction rate of Ci in the 
combustion as carbon (C) in the reaction C + 1/2 O2  CO and C + O2  
CO2. 
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The equation 3.8 governs the relation between diffusion, convection and 

reactions in the boilers. The diffusion will primarily be inside the fuel pellets 
- air going in and combustion gases moving out or in-between the pellets, 
while convection is through the air flow into the pellet bulk, and the 
combustion gases passing out. Combustion will primarily take place at the 
pellet surface, but there will also have pyrolysis inside the pellets due to the 
heat up. These mechanisms will determine the emissions formed in the boiler 
during different operations like start-up, normal operation, as well as shut-
down/stop. 

 

 
Figure 3.9 Diffusion and convection processes of air and fuel. 

The diffusion process includes diffusion of O2 into the fuel and diffusion 
of CO into CO2 out of the fuel. The reaction are mostly C to CO, CO to CO2 
and H to H2O. If the oxygen transfer into the fuel is too low, CO is formed but 
not further oxidized. The diffusion process are illustrated in Figure 3.9. If the 
reaction temperature is too low, also more CO will be formed instead of CO2, 
even if there is enough oxygen. Convection will be important aside of 
diffusion during start-up and stop since the air flow into the fuel will have a 
strong impact on both combustion/oxidation as well as cooling if there is a 
surplus of air. Diffusion of oxygen at the first fuel layer, C1, is described in 
equation 3.9 and diffusion of CO is described in equation 3.10. The reaction 
process of air and fuel is described in equation 3.11.  
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The symbol x represents width of the pellet piece and t represents the 

interval of the time step, the subscripts (0, 1, 2) refer to the layers where the 
process occurs and the subscripts (t, t+1) represent the time steps. The reaction 
rate constant k is defined by the Arrhenius equation in equation 5 where A is 
the frequency factor and E the activation energy of charcoal combustion, R 
the universal gas constant (8.314 kJkg-1K-1)and T temperature in Kelvin. The 
kinetic parameters A and E for wood pellet combustion is taken as 2.2x10-5 s-

1 and 107 MJkmol-1 (Biagini and Tognotti 2006). 
 

 =  ∙  ∙      
   

The diffusion of gaseous component, D, in air and solid component are 
significantly different. The diffusion in gas is in the order of 10-5 m2s-1, while 
it is in the order of magnitude 10-10 m2s-1 inside the solid pellet fuel. The 
convection varies with the air flow in operational phases of the different 
boilers. The average air flow and estimated air velocities in the tested pellet 
combustion devices are presented in the Table 3.10. 
 
Table 3.10 Average air flow (liter.s-1 and estimated velocities (ms-1) in tested 

boilers under different operating phases. 

 Start-up Steady Stop 
 liter.s-1 m.s-1 liter.s-1 m.s-1 liter.s-1 m.s-1 

B1 7 0.7 7 0.7 3.1 0.3 
B2 8 0.8 7 0.7 4.2 0.4 
B3 8 0.8 8 0.8 4.4 0.4 
S1 10 1.3 6 0.8 7.3 0.9 

 
From the flowrates and velocities, the convection as well as the diffusion 

in the pellet pile respectively inside the pellets can be determined for the 
different operational modes. The reaction rate will depend on the temperature 
in the combustion chamber as well as the access to air/oxygen in relation to 
the fuel. These will provide a picture of what is happening in the different 
boilers and consequently explain the emissions characteristics during different 
phases. 
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4 Emission measurement results 

In this chapter, emission measurements are presented for start-up, stop and 
steady operating phases of the combustion devices (papers I, IV and V) and 
for realistic operation of the dynamic system test (papers II and III). 

4.1 Characterization of emissions 

4.1.1 Start-up and stop phases 

The duration of the start-up and the stop phases of the tested pellet boilers 
and the stove were found to vary, as their operation procedures and 
combustion settings differ in each operating phase (see section 3.3 for 
definition of the different combustion phases). The duration and the amount 
of fuel consumed for the start-up and stop phases of the tested devices are 
presented in Table 4.1. 

Carbon monoxide (CO) and particle mass emissions (PM) of different 
phases of the tested devices are presented in Figure 4.1 to show the different 
characteristics of each operating phase in the tested combustion devices. The 
time given in the horizontal axis in Figure 4.1 is counted from the beginning 
of the start-up phase, and the duration before the rise of CO emissions 
represents the heating and ignition of the pellet fuel.  

The accumulated emissions of start-up and stop phases are presented in 
Figure 4.2 in box plots with minimum, first quartile, mean, third quartile and 
maximum values. The shortest start-up phases occurred in the top fed boiler 
B2 with about 7.5 minutes and the bottom fed boiler B1 had the longest start-
up sequence varying from 19 to 26 minutes (Table 4.1). The start-ups with 
boiler water temperature above 40 °C is categorized as warm start-ups. The 
cold start-up and warm start-up of the tested combustion devices had similar 
profiles and duration in all boilers except in boiler B1. Therefore, total 
emissions from warm start-ups of the boiler B2, B3 and S1 are similar to that 
of cold start-ups except for particle emission in B3 which are reduced during 
the warm start-up.  
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Table 4.1 Duration and amount of fuel combusted during start-up and stop 

phases of tested devices. 

 Duration Fuel 
 minutes MJ 
B1 cold start-up 19 – 26 9.1 – 11.6 
B1 warm start-up 11 – 13 3.5 – 4.7 
B1 stop 105 – 180 0.5 – 2.4 
B2 cold start-up 7.5 1.5 – 5.4 
B2 warm start-up 7.5 1.9 – 3.6 
B2 stop 20 – 180 0.7 – 1.8 
B3 cold start-up 13 5.9 – 8.8 
B3 warm start-up 13 6.1 – 7.8 
B3 stop 27 – 37 1.0 – 1.9 
S1 cold start-up 21 7.1 – 8.5 
S1 warm start-up 21 8.3 – 8.4 
S1 stop 24 – 27  0.8 – 1.4 

 

 
Figure 4.1 Start-up and stop CO and particle emission profiles of tested pellet 

boilers and the stove. 
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Figure 4.2 Accumulated emissions during start-up and stop phases of tested 

boilers and the stove. (B1.c: B1 cold start-up, B1.w: B1 warm start-up, same 

abbreviations applied to B2, B3 and S1. TOC for B1 warm start-up was not 

measured.). 
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The duration of the start-up phase of B1 (19 to 26 minutes) varies 
depending on the combustion condition after flame propagation causing a 
wider range of accumulated emissions for the cold start-up. The emission 
characteristics during the start-up of boiler B1 is shown with details in Figure 
3.3 in section 3.3.1. During an automatic warm start-up of B1, electrical 
ignition does not occur, since there is still glowing fuel in the combustion cup, 
as is not the case with the other tested top fed boilers where electrical ignition 
is always required. The duration of the warm start-up of B1 is therefore shorter 
than for the cold start-up and hence a smaller amount of emissions are 
produced. When the boiler water temperature exceeds the set temperature, the 
fuel feeding and the fan stop. The remaining fuel in the bottom fed combustion 
cup of the boiler B1continues to glow for about 105 - 180 minutes with high 
CO concentrations in the flue gas and is therefore included in the stop phases. 
As the duration of glowing varies, the accumulated emissions during the stop 
phase of B1 appear in a wide range (Figure 4.2). 

In the boilers B2, B3 and the stove S1 the pellet fuel is fed from the top and 
the duration of the start-up phases are more constant. Therefore small variation 
in accumulated emissions was observed. Boiler B2 has the shortest duration 
for the start-up and also the lowest start-up emissions among the tested pellet 
devices. Boiler B2 performs a cleaning sequence with compressed air during 
the stop phase and this causes accumulation of uncombusted glowing pellet in 
the ash box which leads to a long period of high emissions after the boiler has 
stopped. This phenomenon is also considered to be a part of the stop phases 
as the CO emissions are above 10 ppm. Consequently, both boiler B1 and B2 
have high emissions during the stop sequence due to the long period of 
glowing pellets. However, the cause for glowing fuel is different; glowing in 
the ash box due to cleaning with compressed air in B2 and glowing in bottom 
fed combustion cup. The typical duration of the stop phase as defined in 
section 3.3.1 is 20 to 40 minutes in B2 but it can sometimes last up to 180 
minutes for occasions with a large amount of glowing fuel in the ash box. This 
leads to a wide range of accumulated CO and TOC emissions during the stop 
phases as shown in Figure 4.2. 

The long period of glowing uncombusted pellet in the ash box may be, to 
some extent, affected by the forced draught through the chimney by the hood 
after the burners have stopped. The draught through a 5 m high chimney at a 
temperature that is 40 degrees above ambient, which corresponds to the water 
temperature, generates a draught with an under pressure of about 7.5 Pa and 
the forced draught in the study is set about 10 to 12 Pa. The increase in natural 
draught flow at an under pressure of 10 Pa instead of 7.5 Pa is about 15% of 
the leakage flow. Thus it causes only a minor increase in the natural leakage 
flow and therefore the effect of forced draught on longer stop phases are 
estimated to be small. Another aspect during a realistic operation is that the 
burner of B1 and B2 may start again while unburned pellet is still glowing in 
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the ash box and this may then reduce the total emissions accounted for in the 
stop phases. 

The start-up phase in boiler B3 is longer than in B2 and more emissions are 
accumulated in the start-up phase of B3 than that of B2. The stove S1 had as 
low start-up emissions of CO and TOC as boiler B2 despite a longer duration 
of the start-up phase. Boiler B3 and stove S1 have consistent stop phases with 
the duration ranging from 27 - 37 minutes and 24 - 27 minutes, respectively. 

The start-up CO emissions range from 0.5g to 5.5 g except for the cold 
start-up of B1 where the CO emissions range from 5.7 g to 11.9 g due to longer 
flame propagation in the fuel bed. The stop CO emissions varied from 4.3 g 
to 15.4 g for all devices. Total organic carbon (TOC) emissions from start-up 
phases follow a similar trend as the start-up CO emissions. Start-up TOC 
emissions from the tested boilers varied from 0.1 g to 0.4 g except for the cold 
start-up of B1 where they varied from 0.6 g to 2 g. The impact of long glowing 
unburned pellets that occurs in boiler B2 with the cleaning sequence can be 
seen in stop phase TOC emission in Figure 4.2. A higher and a wider total 
TOC emission resulted in stop phases of B2 compared with that of B3 
although both boilers have a similar burner design. The variation in nitrogen 
oxide emissions mainly related to the amount of fuel combusted. 

Start-up and stop emission characteristics for residential pellet boilers and 
stoves are scarce in the literature and the reported data are mainly resenting 
CO emissions. Detail emission characteristics were reported by Good and 
Nussbaumer (2009) for two pellet boilers are presented in Table 4.2.All 
emission data in Table 4.2 are found to be within the ranges of the start-up and 
stop emissions presented in this study (Figure 4.2). The CO and TOC 
emissions of B2, B3 and S1 are similar to that of boiler II in Table 4.2, but 
their particle emissions are higher than measured for boiler II. It should be 
noted that the particle emissions in the study by Good and Nussbaumer were 
sampled in the chimney and the particle emissions in this study were sampled 
in the dilution duct which generally produce a higher total particle mass due 
to condensation of organic compounds in the diluted flue gas (Nussbaumer et 
al. 2008a). Schmidl et al. (2011) reported emissions for start-up phases for an 
automatically fed pellet stove (135 mgMJ-1 CO, 95 mgMJ-1 NO, 13 mgMJ-1 
TOC, 10 mgMJ-1 PM10; values converted from mgcm-3 at 13% O2) and for an 
automatically fed pellet boiler (373 mgMJ-1 CO, 90 mgMJ-1 NO, 14 mgMJ-1 
TOC, 40 mgMJ-1 PM10; values converted from mgcm-3 at 13% O2). In 
comparison with the stove S1, the start-up emissions of the pellet stove are 
within the ranges of CO and TOC emissions from S1 (106 - 312 mgMJ-1 CO, 
12 - 36 mgMJ-1 TOC), above the range of NO emission (50 - 62 mgMJ-1 NO) 
and below the range of PM emission (68 - 160 mgMJ-1 PM2.5). Similarly, the 
start-up emissions of the pellet boiler are within the ranges of CO and TOC 
emissions of the tested top fed boilers (124 - 750 mgMJ-1 CO, 11 - 139 mgMJ-
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1 TOC), above the range of NO emissions (37 - 60 mgMJ-1 NO) and below the 
range of PM emission (35 - 265 mgMJ-1 PM2.5). 

Streicher et al. (2007) reported accumulated start-up and stop emissions 
from a boiler to 8.6 g of CO and 0.45 g of TOC, which are within the ranges 
of the top fed boilers in this study. Persson (2006) reported accumulated start 
CO-emissions for three pellet boilers and two pellet stoves  between 0.5 and 
2.2 g and their stop CO emissions ranged between 1.2 and 21 g, which is a 
higher range than reported in this study. 

 
Table 4.2 Accumulated emissions of start-up and stop phases reported by 

Good and Nussbaumer (2009). 

 Phase Duration CO NO TOC PM2.5 PM2.5 Fuel 

(minutes) (g)a (g)b (g)a (g)a (no.)c (MJ

Boiler     

I 

Cold start-up 19 7.64 0.34 0.79 0.48 2.9 x1014 12.9 

Warm start-up 15 6.68 0.46 0.11 0.17 1.9 x1014 10.4 

Stop 10 0.43 <0.01 0.01 - - 0.2 

Boiler 

   II 

Cold start-up 14 2.63 0.16 0.16 0.13 1.7 x1014 3.3 

Warm start-up 8 2.98 0.09 0.15 - - 1.8 

Stop 16 7.43 0.06 0.13 - - 1.9 
a Value converted from mg/MJ of emission. b Value converted from mg/MJ 
of NO2. c Value converted from 1/cmn3 at 13% oxygen concentration. 

4.1.2 Steady operation 

Emission factors of CO, NO, TOC, particle mass, number of particles and 
the operating combustion power from steady state measurements of the tested 
devices are presented in Figure 4.3. Emission factors presented in the Figure 
4.3 are reported in the paper V. The results show that the emission 
characteristics at high combustion power were comparable for all tested 
devices while significant differences were observed at lower combustion 
power. 

Figure 4.3 shows exponential decrease of CO and TOC emissions with 
increased combustion power in boiler B1 and only small emission changes for 
stove S1. The changes in CO and TOC emissions for B2 and B3 with varying 
combustion power are insignificant and can be considered to be within the 
limit of the measurement uncertainty. The highest emission factors for CO and 
TOC, 485 mg/MJ and 7.1 mg/MJ respectively, were found for the boiler B1 
operating at low power. The increased emissions at low operating power are 
likely to be generated due to less turbulence (mixing) and lower combustion 
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flame temperatures caused by the lower flue gas flow rates and higher relative 
amounts of surplus oxygen.  

 

 

Figure 4.3 Measured emission factors during steady operation. 

 
Frequent CO and TOC emission peaks were observed during the steady 
operation of boiler B1 and one possible cause could be due to the varying 
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amount of ashes accumulated over the fuel bed, as this is a bottom fed boiler, 
which decreases the mixing with secondary air and cause pour combustion. 

NO emission factors for all tested devices are in the range of 59 – 67 
mg/MJ. Nitrogen oxide (NO) emissions from the small scale combustion of 
wood pellet mainly originates from the fuel bound nitrogen and combustion 
temperature, therefore only small variations are measured between different 
boilers and combustion powers; however a small decrease with decreased 
combustion power is measured as a result of slightly decreased combustion 
temperature. The gaseous emission factors from steady operation are within 
the ranges reported by the previous studies (Johansson et al. 2004; Boman et 
al. 2005b; Sippula et al. 2007; Boman et al. 2011; Schmidl et al. 2011). 

Particle emission factors during steady combustion operation were between 
37 and 67 mg/MJ for particle mass and between 9 × 1012 and 1.7 × 1013 for 
particle number. The emissions of particles shows a linear correlation with 
combustion power in boiler B3 but it appears to be random in relation to 
combustion power for boiler B1, B2 and stove S1. Boiler B1 and stove S1 
have minimum particle emissions operating at medium power while boiler B2 
has the maximum particle emissions operating at medium power. The random 
nature of particle emissions may be influenced by the change in fuel load as 
oxygen level and combustor temperature vary with fuel load and excess air. 
In boiler B3 where excess air was adjusted at each operating power to optimize 
the combustion, the emission of particles shows an almost linear correlation 
with combustion power. The particle emission is found to be minimum 
operating at high power and maximum at low power. 

The particle mass emission factors from this study at nominal operation (37 
- 67 mg/MJ) are higher than the range of 13 - 22 mg/MJ reported by Johansson 
et al.(2004), 15 - 26 mg/MJ at high load reported by Boman et al.(2011), 3.5 
- 24 mg/MJ reported by Schmidl et al.(2011) and within the range of 37 - 78 
mg/MJ reported by Sippula et al. (2007). An increase of PM at reduced 
combustion power is also seen in two pellet stoves in the study by Boman et 
al.(2011) and the boiler in the study by Schmidl et al. (2011) et al. however a 
decrease in particle emission is also observed at reduced power for the stove 
in the study by Schmidl et al. (2011). The emission factors for particle 
numbers from steady operation in this study are lower than the ranges of 4 - 
25 × 1013 reported by Boman et al. (2011), 3.3 - 6.6 × 1013 reported by Sippula 
et al. (2007) and are within the range of 0.8 - 1.4 × 1013 reported by Johansson 
et al. (2004). 

In comparison with the reported particle emission data, the differences in 
the measurement procedures and sampling conditions such as dilution ratio, 
temperature and measurement equipment must be taken into consideration 
(Nussbaumer et al. 2008a). The particle emissions in the studies by Johansson 
et al. (2004) and Boman et al. (2011) were sampled in a dilution tunnel with 
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constant volume sampling where the flue gas flow was diluted with hot air in 
the dilution tunnel. In the studies of Sippula et al.(2007) and Schmidl et al. 
(2011), a partial sample flow extracted from the chimney was diluted with 
filtered room air in the dilution tunnel where the particles were measured. 
Moreover, the particle mass in reported studies was sampled on a filter and 
measured with a gravimetric method. 

Particle emissions in this study were measured in the diluted flue gas in a 
full flow dilution tunnel with a high dilution ratio close to room temperature. 
Condensation of organic particles occurs during the dilution with room 
temperature air and generally higher particle mass is reported in this study and 
particle mass is calculated from ELPI data which has about 20% uncertainty 
in particle mass calculation (Maricq et al. 2006).  

The uncertainty in PM mass due to fuel rate calculation from flue gas flow 
measurement is estimated to be around 5-10 %. The higher PM mass measured 
in this study can be partly due to the above mentioned uncertainties and, 
moreover, it was found from the test for the dilution flow that the DAD diluter 
was generating signal output corresponding to a 20% higher in dilution ratio 
than the actual dilution. Therefore, overall measurement uncertainty for PM 
mass can be up to 20 - 50 % in this study. The dilution flow test to check the 
DAD diluter was performed after the measurements as the diluter was 
delivered as calibrated.  

4.1.3 Particle number and mass distributions 

The number size distributions of particle emissions from different 
operating phases are presented in Figure 4.4. In paper V, both number and 
mass distribution of particle emissions are also presented. The concentration 
in the figures were not normalised to a particular oxygen concentration 
(commonly 10% or 13% O2). Normalization of particle emissions to oxygen 
concentration is to allow comparison of the emissions from different 
measurements and mainly applied to the measurement of steady operation 
where the oxygen concentration only fluctuates within a narrow range. The 
changes of oxygen concentration during start-up and stop phases are large 
within a short time and normalization of emissions for start-up and stop phases 
to oxygen concentration will not produce the representative emission factors 
as in steady operation. Normalisation to 10% O2 increases the particle 
concentration from the stop phase about ten times due to the high oxygen 
concentration during this phase (around 20 %). 

In all the tested pellet boilers and the stove, the number size distributions 
of different combustion phases have their maxima at particle size around 0.11 
m and the number of particle emissions was dominated by fine particles 
smaller than 1 m. 



42 
 

amount of ashes accumulated over the fuel bed, as this is a bottom fed boiler, 
which decreases the mixing with secondary air and cause pour combustion. 

NO emission factors for all tested devices are in the range of 59 – 67 
mg/MJ. Nitrogen oxide (NO) emissions from the small scale combustion of 
wood pellet mainly originates from the fuel bound nitrogen and combustion 
temperature, therefore only small variations are measured between different 
boilers and combustion powers; however a small decrease with decreased 
combustion power is measured as a result of slightly decreased combustion 
temperature. The gaseous emission factors from steady operation are within 
the ranges reported by the previous studies (Johansson et al. 2004; Boman et 
al. 2005b; Sippula et al. 2007; Boman et al. 2011; Schmidl et al. 2011). 

Particle emission factors during steady combustion operation were between 
37 and 67 mg/MJ for particle mass and between 9 × 1012 and 1.7 × 1013 for 
particle number. The emissions of particles shows a linear correlation with 
combustion power in boiler B3 but it appears to be random in relation to 
combustion power for boiler B1, B2 and stove S1. Boiler B1 and stove S1 
have minimum particle emissions operating at medium power while boiler B2 
has the maximum particle emissions operating at medium power. The random 
nature of particle emissions may be influenced by the change in fuel load as 
oxygen level and combustor temperature vary with fuel load and excess air. 
In boiler B3 where excess air was adjusted at each operating power to optimize 
the combustion, the emission of particles shows an almost linear correlation 
with combustion power. The particle emission is found to be minimum 
operating at high power and maximum at low power. 

The particle mass emission factors from this study at nominal operation (37 
- 67 mg/MJ) are higher than the range of 13 - 22 mg/MJ reported by Johansson 
et al.(2004), 15 - 26 mg/MJ at high load reported by Boman et al.(2011), 3.5 
- 24 mg/MJ reported by Schmidl et al.(2011) and within the range of 37 - 78 
mg/MJ reported by Sippula et al. (2007). An increase of PM at reduced 
combustion power is also seen in two pellet stoves in the study by Boman et 
al.(2011) and the boiler in the study by Schmidl et al. (2011) et al. however a 
decrease in particle emission is also observed at reduced power for the stove 
in the study by Schmidl et al. (2011). The emission factors for particle 
numbers from steady operation in this study are lower than the ranges of 4 - 
25 × 1013 reported by Boman et al. (2011), 3.3 - 6.6 × 1013 reported by Sippula 
et al. (2007) and are within the range of 0.8 - 1.4 × 1013 reported by Johansson 
et al. (2004). 

In comparison with the reported particle emission data, the differences in 
the measurement procedures and sampling conditions such as dilution ratio, 
temperature and measurement equipment must be taken into consideration 
(Nussbaumer et al. 2008a). The particle emissions in the studies by Johansson 
et al. (2004) and Boman et al. (2011) were sampled in a dilution tunnel with 

43 
 

constant volume sampling where the flue gas flow was diluted with hot air in 
the dilution tunnel. In the studies of Sippula et al.(2007) and Schmidl et al. 
(2011), a partial sample flow extracted from the chimney was diluted with 
filtered room air in the dilution tunnel where the particles were measured. 
Moreover, the particle mass in reported studies was sampled on a filter and 
measured with a gravimetric method. 

Particle emissions in this study were measured in the diluted flue gas in a 
full flow dilution tunnel with a high dilution ratio close to room temperature. 
Condensation of organic particles occurs during the dilution with room 
temperature air and generally higher particle mass is reported in this study and 
particle mass is calculated from ELPI data which has about 20% uncertainty 
in particle mass calculation (Maricq et al. 2006).  

The uncertainty in PM mass due to fuel rate calculation from flue gas flow 
measurement is estimated to be around 5-10 %. The higher PM mass measured 
in this study can be partly due to the above mentioned uncertainties and, 
moreover, it was found from the test for the dilution flow that the DAD diluter 
was generating signal output corresponding to a 20% higher in dilution ratio 
than the actual dilution. Therefore, overall measurement uncertainty for PM 
mass can be up to 20 - 50 % in this study. The dilution flow test to check the 
DAD diluter was performed after the measurements as the diluter was 
delivered as calibrated.  

4.1.3 Particle number and mass distributions 

The number size distributions of particle emissions from different 
operating phases are presented in Figure 4.4. In paper V, both number and 
mass distribution of particle emissions are also presented. The concentration 
in the figures were not normalised to a particular oxygen concentration 
(commonly 10% or 13% O2). Normalization of particle emissions to oxygen 
concentration is to allow comparison of the emissions from different 
measurements and mainly applied to the measurement of steady operation 
where the oxygen concentration only fluctuates within a narrow range. The 
changes of oxygen concentration during start-up and stop phases are large 
within a short time and normalization of emissions for start-up and stop phases 
to oxygen concentration will not produce the representative emission factors 
as in steady operation. Normalisation to 10% O2 increases the particle 
concentration from the stop phase about ten times due to the high oxygen 
concentration during this phase (around 20 %). 

In all the tested pellet boilers and the stove, the number size distributions 
of different combustion phases have their maxima at particle size around 0.11 
m and the number of particle emissions was dominated by fine particles 
smaller than 1 m. 



44 
 

 
 

 

Figure 4.4 Particle number size distribution during different phases of tested 

boilers. 

The number size distributions of steady operation at high combustion 
power (Steady HP in figure 6) have similar distributions with a peak number 
concentration around 1×108 #/cm3 in all tested devices. The particle number 
size distributions in all cases in this study are similar since fine particle 
emissions from wood pellet combustion are mostly dominated by alkali salts 
(Sippula et al. 2007; Boman et al. 2011). The measured number size 
distributions in this study are consistent with previous studies (Johansson et 
al. 2004; Boman et al. 2011). The number size distributions for cold start-up 
and warm start-up phases are also similar and have higher concentration than 
that of the stop phases. The size distribution shifted slightly toward larger 
particles in some cases such as in the cold start-up of boiler B1. The particle 
number distributions of the stop phases were lower than for the start-up and 
steady phases. 

The mass size distributions of particle emissions from different operating 
phases are presented in Figure 4.5. The mass size distributions for all tested 
devices were also quite similar and the size distribution shows two peaks. One 
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peak occurs in the smaller size range around 0.3 m and a second peak appears 
in the larger size range increasing with the size of the particles. The increasing 
trend of particle mass with its size can be attributed to the overestimation of 
mass in the upper stages in ELPI by correction with an algorithm for the 
diffused particles (Moisio 1999). The overestimation in mass concentration is 
directly proportional to the third power of the particle diameter and therefore 
it increases when particle size increases. 

 

 
Figure 4.5 Particle mass size distribution during different phases of tested 

boilers. 

4.1.4 Emissions from combustion of fuel with additives 

The gaseous and particle emissions from combustion of the different fuels 
during steady operation are presented in Figure 4.6 (Paper IV). CO emissions 
were slightly lower for the pellets with the Mg(OH)2 additive compared with 
the reference pellets, but lowest for the commercial pellets. However, the 
differences are almost within the limit of measurement uncertainty presented 
in section 3.12. The TOC emissions show the same tendency as the CO 
emissions. The NO emissions were the same for the three laboratory 
manufactured pellets and much higher for the commercial pellets. This is 
related to the higher nitrogen content of the commercial fuel (Paper IV). The 
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particle emissions were about 50 % higher for the fuels with additives 
compared with the reference pellets. The particle emissions from the 
commercial pellets were about 40% lower compared with the reference 
pellets. 

 

Figure 4.6 Gaseous and particle emissions from combustion of the different 

fuels (steady operation). TOC-emissions were presented as methane 

equivalents (C3H8). 

The average number-size distribution of particulate matter as a function of 
particle diameter during steady operation for the four different pellet samples 
is shown in Figure 4.7. The highest number of small particles was found for 
the fuel with Mg (OH)2 additive, followed by the commercial pellets and the 
reference pellets. The number of particles larger than 0.1 µm was smallest for 
the commercial pellets but similar for the other pellet samples. It can be seen 
that the additive of MgO reduces the number of the smallest particles, and the 
Mg(OH)2-additive increase the number of the smallest particles, however the 
total mass of particles increases using the additives, as can be seen in Figure 
4.6. 

 

Figure 4.7 Number size distribution of particles, normalized to 10% O2. 
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Figure 4.8 Average deposit settings during combustion with tested pellets. 

The average total amounts of deposits from combustion of the pellets with 
and without additives are shown in Figure 4.8. The total amounts of deposits 
are given as specific values by dividing the amount of deposits by the duration 
of combustion and the area of the collection ring. The total amount of deposits 
in the heat exchanger was 25% higher for the pellet with additives than the 
reference pellets and commercial pellets. The increased amount of deposits on 
the surface is the opposite of the expected effect for the pellets with additives. 
In the analysis of fuel composition, the magnesium content in fuel with 
additives was almost eight times higher than the amount of the main alkali 
metals potassium and sodium (See Table 2 in Paper IV). The magnesium 
contents in fuels with additives were 0.36 % in MgO additives and 0.39 % in 
Mg(OH)2 additives which were much higher than the recommended dosage, 
0.02 % and 0.05 % (Steenari et al. 2009). This leads to the conclusion that the 
additives were overdosed and therefore caused the reported opposite effect. 

Contrary to the results from gravimetric measurement of deposits, SEM 
analysis shows that there are fewer deposits of potassium (K), sodium (Na), 
chlorine (Cl) and sulphur (S) for the pellets with additives compared to the 
referenced commercial pellet. This is also an expected result; however, the 
substrates only covered a part of the bottom surface in the heat exchanger tube 
while the steel rings covered a section of the tubes (Figure 3.7). Another 
explanation is therefore that the high amount of loose fly ash (that was 
carefully removed before the SEM analysis) may have protected the substrates 
from further particles being accumulated on the substrate. This may not be the 
case for the gravimetric measurements, where less fly ash was accumulated 
on at least half of the rings covering the upper part of the heat exchanger. 
Therefore, reliable conclusions from the SEM analysis cannot be drawn. 
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4.2 Emission measurements from realistic operation 

4.2.1 Total emissions 

The measured particle and gaseous emissions from realistic operation of 
six residential wood pellet heating systems described in section 3.4 are also 
categorized into three different operation phases: start-up, steady operation 
and stop phases. The accumulated total emissions of each type of operation 
phase during the six-day tests are presented in Table 4.3 together with the 
number of start-ups and average oxygen concentration during steady 
operation.  

Table 4.3 Total emissions and fuel, for different operating phases of the tested 

systems with average oxygen and number of start-ups. 

System  Phase A B C D E F 

O2 (%) Operation 11.8 13.3 10.2 8.6 7.8 7.5 

CO (g) 
 

Start 47.6 30.5 48.2 61.6 62.3 75.9 
Operation 42.5 22.5 161.4 52.1 9.7 12.9 
Stop 677.0 113.8 222.3 168.5 159.0 181.2 
Total 767.1 166.8 431.9 282.2 231.0 270.0 

NO (g) 
 

Start 6.4 9.9 10.4 11.2 10.6 13.0 
Operation 80.2 42.7 56.8 50.5 97.2 93.7 
Stop 2.9 0.5 2.2 2.2 1.2 2.0 
Total 89.3 53.1 69.4 63.9 109.0 108.7 

TOC (g) 
 

Start 7.8 3.8 5.9 6.2 15.2 21.3 
Operation 7.1 0.9 12.9 7.2 1.3 1.6 
Stop 48.7 0.6 6.3 5.8 0.7 1.0 
Total 63.6 5.3 25.1 19.2 17.2 23.9 

PM2.5 
mass (g) 

 

Start 11.8 6.1 31.3 33.1 24.0 31.8 
Operation 74.2 18.4 85.9 66.8 63.0 54.4 
Stop 32.4 2.2 9.9 10.2 2.4 2.9 
Total 118.4 26.7 127.1 110.1 89.4 89.1 

PM2.5 
number 

(1015 No.) 
 

Start 2.9 2.0 3.7 3.6 2.3 2.5 
Operation 17.9 6.0 15.6 9.4 14.6 12.4 
Stop 4.9 0.9 2.6 2.1 0.8 1.1 
Total 25.6 9.0 21.9 15.0 17.7 15.9 

Fuel (kg) 

Start 6.8 9.3 9.7 11.0 6.4 7.6 
Operation 68.0 39.0 50.0 45.7 58.5 55.6 
Stop 4.5 1.1 2.9 2.5 1.0 1.2 
Total 79.3 49.4 62.6 59.2 65.9 64.4 

Number of start-up 56 21 34 39 15 18 
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The values for particle number in Table 4.3 are calculated with the particle 
density of one which is different from the same measured data presented in 
paper III where the particle density of two was used to calculate the particle 
emissions. The number of particle emission is approximately proportional to 
the particle density as described in section 3.8. 

The number of start-ups of the pellet combustion devices mainly varies 
with the operating combustion power, the storage capacity and the boiler set 
temperature for switching on and off (Vestlund et al. 2012). Moreover, a 
change in system parameters such as the mixing valve temperature, the pump 
flow and the positions of the inlets and outlets at the heat store will also 
influence the number of start-ups (Vestlund et al. 2012). System B, E, and F 
which use two temperature sensors to control the start-up and stop of 
combustion devices resulted in a lower number of start-ups. The largest 
number of start-ups in system A is partly due to the combination of a relatively 
small boiler water volume and a relatively high combustion power compared 
to the heat load. In addition, the boiler also operates for two summer days as 
there is no solar heating included in the system. The two summer days 
accounted for 14% of the total number of start-ups. 

The lowest levels of both gaseous and particle emissions were observed in 
system B due to the pellet stove with efficient air staged combustion while the 
highest total emissions are produced from system A with the highest number 
of start-ups. This high number of start-ups of the pellet boiler in system A is a 
contributing factor to the high total emissions due to the cleaning sequence 
performed after each stop, which causes more emissions from glowing pellets 
in the ash box (See section 4.1.1). 

In system C, the combustion chamber of the boiler is too small for the flame 
generated by the operating fuel load and consequently poor combustion occurs 
during steady operation. The highest total particle emission is found in system 
C among the measured systems due to the poor combustion conditions in 
steady operation. With a reduced combustion power in system D, the flame 
length in the combustion chamber of the boiler decreases and combustion 
conditions improve in the steady operation. Therefore, lower emissions than 
that of system C are achieved for both gaseous and particulate matter in system 
D. 

The emissions of system E and F are at similar levels and larger 
accumulated CO and TOC emissions from system F are due to more start-up 
and stop phases resulting from increased boiler set temperatures and reduced 
auxiliary volume. 
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4.2 Emission measurements from realistic operation 
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and stop phases resulting from increased boiler set temperatures and reduced 
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Figure 4.9 Accumulated emissions from six days operation of system A (Small 

embedded graph shows first 12 hours together with CO emission rate). 

 

Figure 4.10 Accumulated emissions from system B (Small embedded graph 
shows first 12 hours together with CO emission rate). 

The accumulated total emissions during the six day tests are presented in 
Figure 4.9 for system A and in Figure 4.10 for system B. The small embedded 
graph shows the detailed profile during the first 12 hours together with CO 
emission rate indicating the operating cycles of the boiler. The peaks of CO 
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emission rate indicate the start-up and stop phases or a short cleaning sequence 
in system B. It can be seen that CO and TOC rise sharply during the stop 
phases while NO and particle emissions rise steadily during the steady 
operation. Although the major part of total particle emission is contributed 
from steady operation, the particle emission rates during start-up and stop 
phases are higher than those of the steady operation and the rise of total 
particle emissions due to start-up and stop phases cannot be seen in the above 
figure due to the short rise in the amount of particle during these phases and 
the plotted time scale of the figures. As described in section 3.4, the six-day 
test represents the operation during a whole year. The first 48 hours in Figure 
4.9 and Figure 4.10 represent the operation in the winter and it shows that the 
boiler starts more often and operates longer in winter. 

Table 4.4 Seasonal operation time in hours of the pellet heating appliances 

during six day test. 

System Operation Total Winter 
Spring & 

Autumn 
Summer 

A 
Start-up 4.3 2.2 1.5 0.6 
Steady 25.1 15.6 6.9 2.6 
Stop 75.2 30.2 32.5 12.5 

B 
Start-up 5.3 3.8 1.5 0.0 
Steady 22.5 17.5 5.0 0.0 
Stop 9.5 6.9 2.6 0.0 

C 
Start-up 5.2 3.9 1.3 0.0 
Steady 16.0 11.6 4.4 0.0 
Stop 25.7 18.7 7.1 0.0 

D 
Start-up 5.9 4.5 1.4 0.0 
Steady 16.5 11.7 4.8 0.0 
Stop 15.4 11.7 3.7 0.0 

E 
Start-up 2.3 1.5 0.8 0.0 
Steady 16.9 12.1 4.8 0.0 
Stop 6.0 4.3 1.7 0.0 

F 
Start-up 2.7 1.8 0.9 0.0 
Steady 16.4 11.8 4.6 0.0 
Stop 7.9 6.0 1.9 0.0 

 

The operation time of the combustion appliances from tested systems is 
divided seasonally and presented in Table 4.4. The seasonal distribution of 
CO, particle emissions and number of boiler’s start-up are shown in 
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Figure 4.9 Accumulated emissions from six days operation of system A (Small 

embedded graph shows first 12 hours together with CO emission rate). 

 

Figure 4.10 Accumulated emissions from system B (Small embedded graph 
shows first 12 hours together with CO emission rate). 
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The operation time of the combustion appliances from tested systems is 
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CO, particle emissions and number of boiler’s start-up are shown in 
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percentage in Figure 4.11. Only system A operated in summer due to lack of 
solar heating while the other systems with solar heating did not operate in 
summer. Most of the heating operation occurred in winter for all systems and 
the total operation time of the systems varied with the duration of the start-up 
and stop phases of the combustion appliances as well as the combination of 
the set temperatures for the start and the operating power. A major part of the 
total annual emissions were produced during winter operation. With solar 
heating in the systems, CO emissions during winter operation vary from 65% 
to 76% and particle emissions vary from 68% to 75% of the total annual 
emissions. The system optimization to reduce emissions can be focused on the 
operation in winter. 

 

Figure 4.11 Seasonal distribution of number of boiler’s start-up, CO and 

particle emissions of the tested systems. 

4.2.2 Impact of start-up and stop phases 

Figure 4.12 shows the emissions contributed by the start-up and stop phases 
in relation to the total emissions of the tested systems. The significant impact 
of the start-up and stop phases can be seen in CO and TOC emissions. 80% to 
95% of CO emissions and 60% to 90% TOC are produced during the start-up 
and stop phases in all systems, except system C. CO emissions are generally 
greater in the stop phase than in the start-up phase, while TOC emissions are 
more influenced by the start-up phase except in system A due to the higher 
TOC emissions during the stop phase caused by glowing fuel in the ash tray. 
To reduce the emissions of CO and TOC, it is therefore important to reduce 
the number of start-ups and stops and to avoid unburned pellet falling into the 
ash box. 

NO emissions from residential pellet combustion mainly come from the 
fuel bound nitrogen. Nitrogen oxides are emitted mainly during the steady 
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operation and nitrogen oxides emissions from the start and stop phases 
contribute between 10 and 20 %, which is in good correlation with the amount 
of fuel combusted in these phases. 

Emissions of particulate matter (PM2.5) during the start-up and stop phases 
are between 30% and 40% and are therefore less affected by a reduction in the 
number of starts and stops than the CO and TOC emissions. However the 
percentages of particles during the start-up and stop phases are higher than the 
percentages of the fuel burned during these periods, which means that there 
are peaks of particle emissions during these phases, but not as significant as 
for CO and TOC emissions. Particle mass (PMm) is higher during the start 
periods the while particle number (PMn) is higher during the stop sequence. 
In Figure 4.13 , the average unit particle mass from three operation phases of 
the tested systems are presented. Highest unit particle masses during the start-
up phases can be seen in all systems except system A where more particles are 
emitted during the stop phase, due to the long glowing period in the ash box 
caused by the cleaning with the compressed air. Larger particles were 
generated from start-up phases than from the stop phases. In start-up phase, 
the combustion primary particles grows by condensation with the newly 
formed particles generated by the nucleation of semi-volatile hydrocarbons 
from incomplete combustion (Ozgen et al. 2013). 

 

 
Figure 4.12 Total emissions contribution from start-up and stop phases of the 

pellet heating systems (PMm: mass of particles PM2.5 and PMn: number of 

particles PM2.5). 
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Figure 4.13 Average unit particle mass during start-up, steady operation and 

stop phases of tested systems. 

 

Figure 4.14 Emission factors from realistic operation during dynamic six day 

test. 

The emission factors from realistic operation of the systems presented in 
paper III are shown in Figure 4.14. Emission factors of the measured systems 
from the six day period are between 192 and 547 mg/MJ for the CO emissions, 
between 61 and 95 mg/MJ for the NO, between 6 and 45 mg/MJ for the TOC, 
between 31 and 116 mg/MJ for the particulate matter and between 2.1x1013 
and 4.0x1013 for the number of particles. The average emissions of CO, TOC 
and particle from the tested system, except system A, under the realistic annual 
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conditions were higher than the limits of two eco labels for residential pellet 
boilers, Swan label (Nordic-Ecolabelling 2010) and Blue Angel label (Blauer-
Engel 2010), if the emissions from start-up and stop phases are taken into 
account (paper III). 

4.3 Summary for measured emissions 
The duration of start-up and stop phases varies for each device and the 

accumulated emissions vary with the combustion conditions during the 
phases. The cold start-up and warm start-up of the tested combustion devices 
had similar profiles and the same duration for all tested appliances except for 
boiler B1. Therefore, total emissions of warm start-ups of boilers B2, B3 and 
the stove S1 are similar to that of cold start-ups except for particle emission in 
B3 which is reduced during the warm start-up. 

The tested bottom fed boiler had, in general, higher start-up and stop 
emissions than the tested top fed boilers. Pressurized air for cleaning the 
combustion cup may increase the stop emissions if glowing uncombusted fuel 
is displaced into the ash box, as in the case of boiler B2. 

Particles emitted from the tested boilers and stoves are dominated by the 
fine particles smaller than 1 m showing agreement with the previous studies 
(Johansson et al. 2004; Boman 2005; Sippula et al. 2007; Boman et al. 2011). 
More particles were emitted in start-up phases than in stop phases. The particle 
mass emissions from the steady operations are relatively higher than reported 
data in the literature in general. A contributing factor can be due to the fault 
in the DAD diluter. The calibration check of DAD diluter at Dekati 
(manufacturer of ELPI) after the measurements showed 16 % higher in 
dilution factor due to the accumulated dirt in the DAD diluter. However, no 
correction related to overestimation of dilution ratio by DAD was applied to 
the measured particle data, since it is not known when the drift of the diluter 
occurred. 

The emissions from a start-up depend on the ignition type, supply of air 
and fuel, and time to complete the phase. Similarly, the emissions during a 
stop phase are influenced by the fan operation and the cleaning routine. 

Emission characteristics at high combustion power were comparable for all 
tested devices while significant differences were observed at lower 
combustion power. The gaseous emission factors from steady operation are 
within the ranges reported by the previous studies (Johansson et al. 2004; 
Sippula et al. 2007; Boman et al. 2011; Schmidl et al. 2011) 

The additives of MgO and Mg(OH)2 increased the amount (mass) of 
particle emissions by about 50% and the mass of the deposits in the flue gas 
heat exchanger, excluding loose fly ash, increased by about 25% compared 
with the combustion of pellets without additives. The amount of additives was 
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almost eight times higher than the amount of the main alkali metals potassium 
(K) and sodium (Na) which leads to the assumption that the additives were 
overdosed and therefore caused the problems reported. 

The six-day test results showed the importance of start-up and stop phases 
on the total annual emissions of the boilers and stoves. The emissions from 
the start-up and stop phases are significantly high for the CO (80 - 95 %) and 
the TOC (60 - 90 %). NO and particles emissions are shown to dominate 
during steady operation. The particle emissions during start-up and stop 
phases represent 30 - 40 % of the total particle emissions and are not as high 
as CO and TOC. It is also shown that the average emissions of CO, TOC and 
particles under the realistic annual conditions were greater than the limits 
allowed by two eco labels. 
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5 Emission model and validation 

Gaseous and particle emission models are built from the measurements of 
the pellet boilers and stove with varying fuel loads. Calculated emission values 
are compared with measured data from dynamic six day test data which was 
not in the modelling. The validation of the emissions was also performed by 
comparing the measured emissions from a dynamic system test and simulated 
emissions from the same system. 

 

5.1 Start-up and stop phases 
The profile of start-up and stop phases of the boilers and the stoves differs 

as they differ in design and control for operation. The duration of these phases 
are presented in Table 4.1 and the accumulated emissions from these phases 
are presented in Figure 4.2 in section 4.1.1. The profile coefficients are 
identified according to each profile fulfilling the duration and average total 
emissions of each phase. The interval for each time step is chosen as 90 
seconds to cover the complete simulation of all components in a typical house 
in TRNSYS. All parameters except air flow rate and electricity consumption 
of the pellet boiler (Pel) are profiled with the profile coefficients for each time 
step. The actual fuel and emission flow rates are obtained by multiplication of 
profile coefficients and the accumulated total amounts. The accumulated totals 
of emissions are given in grams (g) and fuel in kilograms (kg). 

5.1.1 Boiler B2 
The start-up profile of the boiler B2 is presented in Table 5.1. The stop 

profile without the glowing of pellets in the ash box is presented in Table 5.2. 
The duration of 24 minutes is selected for the stop without the glowing of 
pellet. The stop profile with a long duration of 150 minutes due to the glowing 
of pellet is included in Appendix B. The accumulated total emissions for a 
long stop are higher than the average total emissions and are in the upper 
ranges shown in Figure 4.2. As discussed in section 4.1.1, a new start-up may 
occur before the end of the stop phase and the long stop phase will be cut short. 
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the TOC (60 - 90 %). NO and particles emissions are shown to dominate 
during steady operation. The particle emissions during start-up and stop 
phases represent 30 - 40 % of the total particle emissions and are not as high 
as CO and TOC. It is also shown that the average emissions of CO, TOC and 
particles under the realistic annual conditions were greater than the limits 
allowed by two eco labels. 
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5 Emission model and validation 

Gaseous and particle emission models are built from the measurements of 
the pellet boilers and stove with varying fuel loads. Calculated emission values 
are compared with measured data from dynamic six day test data which was 
not in the modelling. The validation of the emissions was also performed by 
comparing the measured emissions from a dynamic system test and simulated 
emissions from the same system. 

 

5.1 Start-up and stop phases 
The profile of start-up and stop phases of the boilers and the stoves differs 

as they differ in design and control for operation. The duration of these phases 
are presented in Table 4.1 and the accumulated emissions from these phases 
are presented in Figure 4.2 in section 4.1.1. The profile coefficients are 
identified according to each profile fulfilling the duration and average total 
emissions of each phase. The interval for each time step is chosen as 90 
seconds to cover the complete simulation of all components in a typical house 
in TRNSYS. All parameters except air flow rate and electricity consumption 
of the pellet boiler (Pel) are profiled with the profile coefficients for each time 
step. The actual fuel and emission flow rates are obtained by multiplication of 
profile coefficients and the accumulated total amounts. The accumulated totals 
of emissions are given in grams (g) and fuel in kilograms (kg). 

5.1.1 Boiler B2 
The start-up profile of the boiler B2 is presented in Table 5.1. The stop 

profile without the glowing of pellets in the ash box is presented in Table 5.2. 
The duration of 24 minutes is selected for the stop without the glowing of 
pellet. The stop profile with a long duration of 150 minutes due to the glowing 
of pellet is included in Appendix B. The accumulated total emissions for a 
long stop are higher than the average total emissions and are in the upper 
ranges shown in Figure 4.2. As discussed in section 4.1.1, a new start-up may 
occur before the end of the stop phase and the long stop phase will be cut short. 
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Table 5.1 Start-up profile coefficients and average total emissions of boiler 

B2. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 354 0.000 12.3 0.000 0.000 0.000 0.000 0.000 
2 424 0.000 11.6 0.000 0.000 0.000 0.000 0.000 
3 407 0.540 16.9 8.603 0.084 23.764 21.043 8.816 
4 417 18.305 37.6 30.102 16.079 14.162 8.781 17.378 
5 142 21.156 27.7 1.295 23.838 2.074 10.176 13.806 

Accu. Total  0.165   1.087 0.121 0.139 0.276 4.05x1013 
 

Table 5.2 Stop profile coefficients and average total emissions of boiler B2. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 16 22.492 33.9 7.314 27.414 13.902 16.027 12.143 
2 16 8.123 35.4 17.150 6.982 5.075 9.220 9.897 
3 24 4.553 36.3 7.900 3.606 4.215 4.385 8.274 
4 129 2.601 37.1 3.845 1.489 3.470 2.829 6.244 
5 81 1.610 36.9 2.740 0.498 3.592 6.942 3.217 
6 3 0.280 12.9 0.830 0.010 1.114 0.244 0.046 
7 3 0.109 11.6 0.067 0.000 0.942 0.088 0.023 
8 3 0.058 11.7 0.036 0.000 0.935 0.041 0.021 
9 3 0.034 11.7 0.022 0.000 0.887 0.027 0.017 

10 3 0.019 11.7 0.013 0.000 0.869 0.022 0.018 
11 3 0.019 11.8 0.013 0.000 0.866 0.027 0.018 
12 3 0.026 11.8 0.017 0.000 0.857 0.041 0.019 
13 3 0.033 11.8 0.020 0.000 0.837 0.047 0.020 
14 3 0.029 11.9 0.017 0.000 0.833 0.032 0.016 
15 3 0.013 11.8 0.009 0.000 0.805 0.018 0.016 
16 3 0.000 11.9 0.008 0.000 0.802 0.010 0.012 

Accu. Total  0.081   11.417 0.044 0.496 0.305 4.96x1013 
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5.1.2 Boiler B3 
The start-up profile of the boiler B3 is presented in Table 5.3 and the stop 

profile in Table 5.4. 
 

Table 5.3 Start-up profile coefficients and average total emissions of boiler 

B3. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 360 0.000 13.1 0.000 0.000 0.000 0.000 0.000 
2 422 0.000 13.0 0.000 0.000 0.000 0.000 0.000 
3 411 0.000 18.7 0.000 0.000 0.000 0.000 0.000 
4 411 0.000 29.2 0.000 0.000 0.000 0.000 0.000 
5 403 0.000 15.3 0.006 0.000 0.275 0.661 0.240 
6 141 0.170 22.2 0.460 0.050 7.657 3.930 1.457 
7 25 1.445 35.4 0.730 0.989 9.777 2.945 2.897 
8 25 2.390 38.7 1.253 1.903 4.884 1.089 1.881 
9 48 3.256 40.4 1.170 2.611 4.303 1.376 2.042 

10 31 8.219 38.2 0.925 8.774 2.409 8.391 9.245 
11 40 12.587 35.1 23.919 11.727 9.684 19.290 19.901 
12 35 11.931 35.0 11.537 13.946 1.011 2.317 2.336 

Accu. Total  0.404   3.561 0.347 0.228 1.145 2.16x1014 
 

Table 5.4 Stop profile coefficients and average total emissions of boiler B3. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 19.9 18.471 28.8 2.787 28.313 4.625 14.858 9.400 
2 20.6 6.079 30.4 13.000 4.234 3.524 10.218 7.631 
3 20.0 4.463 31.3 9.914 3.038 3.647 4.482 5.724 
4 28.3 3.780 40.1 6.652 3.132 5.305 6.547 10.445 
5 24.0 2.592 41.6 4.454 1.139 4.523 3.155 5.709 
6 4.7 1.004 16.0 0.936 0.143 1.491 0.157 0.309 
7 4.7 0.862 16.2 0.590 0.000 1.336 0.061 0.098 
8 4.7 0.647 16.5 0.749 0.000 1.247 0.042 0.054 
9 4.7 0.500 16.7 0.191 0.000 1.164 0.039 0.060 

10 4.7 0.406 16.9 0.165 0.000 1.133 0.045 0.057 
11 4.7 0.309 16.9 0.128 0.000 1.053 0.031 0.043 
12 4.7 0.228 17.1 0.097 0.000 1.024 0.032 0.041 
13 4.7 0.173 17.2 0.076 0.000 1.003 0.037 0.046 
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Table 5.1 Start-up profile coefficients and average total emissions of boiler 

B2. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 354 0.000 12.3 0.000 0.000 0.000 0.000 0.000 
2 424 0.000 11.6 0.000 0.000 0.000 0.000 0.000 
3 407 0.540 16.9 8.603 0.084 23.764 21.043 8.816 
4 417 18.305 37.6 30.102 16.079 14.162 8.781 17.378 
5 142 21.156 27.7 1.295 23.838 2.074 10.176 13.806 

Accu. Total  0.165   1.087 0.121 0.139 0.276 4.05x1013 
 

Table 5.2 Stop profile coefficients and average total emissions of boiler B2. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 16 22.492 33.9 7.314 27.414 13.902 16.027 12.143 
2 16 8.123 35.4 17.150 6.982 5.075 9.220 9.897 
3 24 4.553 36.3 7.900 3.606 4.215 4.385 8.274 
4 129 2.601 37.1 3.845 1.489 3.470 2.829 6.244 
5 81 1.610 36.9 2.740 0.498 3.592 6.942 3.217 
6 3 0.280 12.9 0.830 0.010 1.114 0.244 0.046 
7 3 0.109 11.6 0.067 0.000 0.942 0.088 0.023 
8 3 0.058 11.7 0.036 0.000 0.935 0.041 0.021 
9 3 0.034 11.7 0.022 0.000 0.887 0.027 0.017 

10 3 0.019 11.7 0.013 0.000 0.869 0.022 0.018 
11 3 0.019 11.8 0.013 0.000 0.866 0.027 0.018 
12 3 0.026 11.8 0.017 0.000 0.857 0.041 0.019 
13 3 0.033 11.8 0.020 0.000 0.837 0.047 0.020 
14 3 0.029 11.9 0.017 0.000 0.833 0.032 0.016 
15 3 0.013 11.8 0.009 0.000 0.805 0.018 0.016 
16 3 0.000 11.9 0.008 0.000 0.802 0.010 0.012 

Accu. Total  0.081   11.417 0.044 0.496 0.305 4.96x1013 

 
 

59 
 

5.1.2 Boiler B3 
The start-up profile of the boiler B3 is presented in Table 5.3 and the stop 

profile in Table 5.4. 
 

Table 5.3 Start-up profile coefficients and average total emissions of boiler 

B3. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 360 0.000 13.1 0.000 0.000 0.000 0.000 0.000 
2 422 0.000 13.0 0.000 0.000 0.000 0.000 0.000 
3 411 0.000 18.7 0.000 0.000 0.000 0.000 0.000 
4 411 0.000 29.2 0.000 0.000 0.000 0.000 0.000 
5 403 0.000 15.3 0.006 0.000 0.275 0.661 0.240 
6 141 0.170 22.2 0.460 0.050 7.657 3.930 1.457 
7 25 1.445 35.4 0.730 0.989 9.777 2.945 2.897 
8 25 2.390 38.7 1.253 1.903 4.884 1.089 1.881 
9 48 3.256 40.4 1.170 2.611 4.303 1.376 2.042 

10 31 8.219 38.2 0.925 8.774 2.409 8.391 9.245 
11 40 12.587 35.1 23.919 11.727 9.684 19.290 19.901 
12 35 11.931 35.0 11.537 13.946 1.011 2.317 2.336 

Accu. Total  0.404   3.561 0.347 0.228 1.145 2.16x1014 
 

Table 5.4 Stop profile coefficients and average total emissions of boiler B3. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 19.9 18.471 28.8 2.787 28.313 4.625 14.858 9.400 
2 20.6 6.079 30.4 13.000 4.234 3.524 10.218 7.631 
3 20.0 4.463 31.3 9.914 3.038 3.647 4.482 5.724 
4 28.3 3.780 40.1 6.652 3.132 5.305 6.547 10.445 
5 24.0 2.592 41.6 4.454 1.139 4.523 3.155 5.709 
6 4.7 1.004 16.0 0.936 0.143 1.491 0.157 0.309 
7 4.7 0.862 16.2 0.590 0.000 1.336 0.061 0.098 
8 4.7 0.647 16.5 0.749 0.000 1.247 0.042 0.054 
9 4.7 0.500 16.7 0.191 0.000 1.164 0.039 0.060 

10 4.7 0.406 16.9 0.165 0.000 1.133 0.045 0.057 
11 4.7 0.309 16.9 0.128 0.000 1.053 0.031 0.043 
12 4.7 0.228 17.1 0.097 0.000 1.024 0.032 0.041 
13 4.7 0.173 17.2 0.076 0.000 1.003 0.037 0.046 
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14 4.7 0.132 17.2 0.062 0.000 1.001 0.033 0.041 
15 4.7 0.100 17.3 0.050 0.000 0.989 0.034 0.045 
16 4.7 0.078 17.2 0.040 0.000 1.089 0.038 0.044 
17 4.7 0.060 17.2 0.032 0.000 1.003 0.035 0.041 
18 4.7 0.045 17.2 0.025 0.000 0.999 0.031 0.046 
19 4.7 0.030 17.3 0.019 0.000 0.973 0.031 0.042 
20 4.7 0.021 17.3 0.015 0.000 0.962 0.030 0.041 
21 4.7 0.011 17.3 0.011 0.000 0.951 0.031 0.040 
22 4.6 0.010 17.3 0.009 0.000 0.958 0.033 0.042 

Accu. Total  0.082   10.246 0.051 0.046 0.134 4.17x1013 

5.1.3 Stove S1 
The start-up profile of the stove S1 is presented in Table 5.5 and the stop 

profile in Table 5.6. The profile of the short cleaning sequence during the 
operation of stove S1 is presented in Table 5.7. 

 
Table 5.5 Start-up profile coefficients and average total emissions of stove S1. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 19 0.000 30.4 0.000 0.000 0.000 0.000 0.000 
2 344 0.000 42.1 0.000 0.000 0.000 0.000 0.000 
3 370 0.000 41.3 0.000 0.000 0.000 0.000 0.000 
4 261 0.243 46.6 2.260 0.061 8.335 5.874 5.260 
5 29 1.323 48.2 9.397 0.696 12.636 8.507 7.510 
6 29 2.733 44.3 7.939 1.921 6.659 3.566 4.631 
7 29 3.489 38.3 7.312 3.082 4.534 3.014 3.759 
8 39 4.004 35.9 7.259 3.986 3.012 2.983 3.163 
9 39 4.702 34.9 1.633 4.999 1.390 2.981 3.103 

10 39 4.761 33.7 1.548 5.307 1.081 3.132 3.115 
11 48 5.036 34.2 0.963 5.642 0.805 2.908 2.970 
12 78 4.478 33.8 0.616 4.862 0.595 2.065 2.102 
13 67 4.701 32.4 0.521 4.909 0.504 2.268 2.120 
14 39 4.530 26.6 0.552 4.535 0.448 2.702 2.268 

Accu. Total  0.404   1.899 0.442 0.209 0.824 2.00x1014 
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Table 5.6 Stop profile coefficients and average total emissions of stove S1. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 59 20.895 35.5 4.226 28.945 2.371 12.275 8.242 
2 58 6.893 37.3 10.413 4.535 2.917 10.205 7.943 
3 58 3.694 38.2 11.460 3.270 3.119 6.368 6.333 
4 58 2.293 38.8 7.088 2.274 2.868 4.097 5.121 
5 58 1.597 39.2 3.689 0.845 2.690 2.702 4.197 
6 58 1.124 39.5 1.207 0.132 2.603 1.689 3.036 
7 58 0.797 39.7 0.600 0.000 2.524 1.087 2.059 
8 57 0.601 39.7 0.311 0.000 2.479 0.814 1.539 
9 56 0.472 39.8 0.208 0.000 2.478 0.431 0.854 

10 16 0.374 40.3 0.149 0.000 2.441 0.177 0.356 
11 16 0.288 40.9 0.099 0.000 2.461 0.104 0.210 
12 17 0.238 40.9 0.078 0.000 2.452 0.048 0.100 
13 17 0.328 41.2 0.218 0.000 2.556 0.003 0.010 
14 18 0.293 41.0 0.184 0.000 2.492 0.000 0.000 
15 12 0.101 40.5 0.063 0.000 1.940 0.000 0.000 
16 11 0.011 40.5 0.007 0.000 1.608 0.000 0.000 

Accu. Total  0.057   6.884 0.032 0.023 0.266 8.86x1013 
 

Table 5.7 Profile coefficients and average total emissions of the cleaning 

sequence of stove S1. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 53 12.339 9.3 5.593 12.850 3.949 16.188 12.184 
2 52 3.033 7.8 25.055 1.236 9.136 6.585 7.146 
3 59 5.137 7.3 6.989 4.377 18.716 5.197 6.164 
4 70 8.401 7.7 1.602 9.120 5.865 5.762 6.816 
5 70 11.090 7.8 0.762 12.416 2.335 6.269 7.690 

Accu. Total  0.135  1.280 0.134 0.020 0.253 5.90x1013 
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14 4.7 0.132 17.2 0.062 0.000 1.001 0.033 0.041 
15 4.7 0.100 17.3 0.050 0.000 0.989 0.034 0.045 
16 4.7 0.078 17.2 0.040 0.000 1.089 0.038 0.044 
17 4.7 0.060 17.2 0.032 0.000 1.003 0.035 0.041 
18 4.7 0.045 17.2 0.025 0.000 0.999 0.031 0.046 
19 4.7 0.030 17.3 0.019 0.000 0.973 0.031 0.042 
20 4.7 0.021 17.3 0.015 0.000 0.962 0.030 0.041 
21 4.7 0.011 17.3 0.011 0.000 0.951 0.031 0.040 
22 4.6 0.010 17.3 0.009 0.000 0.958 0.033 0.042 

Accu. Total  0.082   10.246 0.051 0.046 0.134 4.17x1013 

5.1.3 Stove S1 
The start-up profile of the stove S1 is presented in Table 5.5 and the stop 

profile in Table 5.6. The profile of the short cleaning sequence during the 
operation of stove S1 is presented in Table 5.7. 

 
Table 5.5 Start-up profile coefficients and average total emissions of stove S1. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 19 0.000 30.4 0.000 0.000 0.000 0.000 0.000 
2 344 0.000 42.1 0.000 0.000 0.000 0.000 0.000 
3 370 0.000 41.3 0.000 0.000 0.000 0.000 0.000 
4 261 0.243 46.6 2.260 0.061 8.335 5.874 5.260 
5 29 1.323 48.2 9.397 0.696 12.636 8.507 7.510 
6 29 2.733 44.3 7.939 1.921 6.659 3.566 4.631 
7 29 3.489 38.3 7.312 3.082 4.534 3.014 3.759 
8 39 4.004 35.9 7.259 3.986 3.012 2.983 3.163 
9 39 4.702 34.9 1.633 4.999 1.390 2.981 3.103 

10 39 4.761 33.7 1.548 5.307 1.081 3.132 3.115 
11 48 5.036 34.2 0.963 5.642 0.805 2.908 2.970 
12 78 4.478 33.8 0.616 4.862 0.595 2.065 2.102 
13 67 4.701 32.4 0.521 4.909 0.504 2.268 2.120 
14 39 4.530 26.6 0.552 4.535 0.448 2.702 2.268 

Accu. Total  0.404   1.899 0.442 0.209 0.824 2.00x1014 
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Table 5.6 Stop profile coefficients and average total emissions of stove S1. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 59 20.895 35.5 4.226 28.945 2.371 12.275 8.242 
2 58 6.893 37.3 10.413 4.535 2.917 10.205 7.943 
3 58 3.694 38.2 11.460 3.270 3.119 6.368 6.333 
4 58 2.293 38.8 7.088 2.274 2.868 4.097 5.121 
5 58 1.597 39.2 3.689 0.845 2.690 2.702 4.197 
6 58 1.124 39.5 1.207 0.132 2.603 1.689 3.036 
7 58 0.797 39.7 0.600 0.000 2.524 1.087 2.059 
8 57 0.601 39.7 0.311 0.000 2.479 0.814 1.539 
9 56 0.472 39.8 0.208 0.000 2.478 0.431 0.854 

10 16 0.374 40.3 0.149 0.000 2.441 0.177 0.356 
11 16 0.288 40.9 0.099 0.000 2.461 0.104 0.210 
12 17 0.238 40.9 0.078 0.000 2.452 0.048 0.100 
13 17 0.328 41.2 0.218 0.000 2.556 0.003 0.010 
14 18 0.293 41.0 0.184 0.000 2.492 0.000 0.000 
15 12 0.101 40.5 0.063 0.000 1.940 0.000 0.000 
16 11 0.011 40.5 0.007 0.000 1.608 0.000 0.000 

Accu. Total  0.057   6.884 0.032 0.023 0.266 8.86x1013 
 

Table 5.7 Profile coefficients and average total emissions of the cleaning 

sequence of stove S1. 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 53 12.339 9.3 5.593 12.850 3.949 16.188 12.184 
2 52 3.033 7.8 25.055 1.236 9.136 6.585 7.146 
3 59 5.137 7.3 6.989 4.377 18.716 5.197 6.164 
4 70 8.401 7.7 1.602 9.120 5.865 5.762 6.816 
5 70 11.090 7.8 0.762 12.416 2.335 6.269 7.690 

Accu. Total  0.135  1.280 0.134 0.020 0.253 5.90x1013 
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5.2 Modelling and parameter identification for steady 
operation 

The measured data of steady operations shown in Table 3.3 are used to 
identify the parameter for the emission model for the steady operation. 

5.2.1 Excess air factor 
Figure 5.1 shows the dependency of the excess air factor on combustion 

power for different boilers and the stove. The correlation between the excess 
air factors and combustion power are shown in equation (5.1) together with a 
linear line fitted to the measured data. The excess air factors 100 and 0 are 
identified by extrapolation of measured data for each combustion device. 

   =  + (1 − /) ∗ −  (5.1) 

Where  

P is the operating combustion power 

P100 is 100 % combustion power of the heating device 

100 is the excess air factor at 100 % combustion power (identified) 

0 is the excess air factor at 0 % combustion power (identified) 

 

 

Figure 5.1 Correlation of  and combustion power of three combustion 

devices. 
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The calculation of the excess air factor with equation (5.1) shows a very 
good agreement with the measured excess air factors. Excess air in 
combustion of all devices decreases as the fuel load increases. 

5.2.2 Steady emission model 
The correlation of gaseous and particle emissions and the operating power 

of steady operation were presented in Figure 4.3 in section 4.1.2. The 
measured emission factors are fitted with linear or power statistical model and 
the coefficients are identified least squared methods described in section 
3.10.5. The equations to calculate the emissions during steady operation are 
as follows: 
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The combustion power (P) and excess air factor () are used as the input 
variables to calculate the emissions since they are the main parameters in the 
model to define the combustion condition. Maximum combustion power (P100) 
and excess air factor at that power (100) are introduced in the models to 
consider the combustion settings of each pellet boilers.  is the flue gas 
temperature at the exhaust outlet of the boiler. The identified parameters of 
the emission models for the boilers and stoves are listed in Table 5.8. The 
coefficients (a,b,c) for each emission model generated from measurements are 
listed in  Table 5.9. 
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5.2 Modelling and parameter identification for steady 
operation 

The measured data of steady operations shown in Table 3.3 are used to 
identify the parameter for the emission model for the steady operation. 
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The calculation of the excess air factor with equation (5.1) shows a very 
good agreement with the measured excess air factors. Excess air in 
combustion of all devices decreases as the fuel load increases. 

5.2.2 Steady emission model 
The correlation of gaseous and particle emissions and the operating power 

of steady operation were presented in Figure 4.3 in section 4.1.2. The 
measured emission factors are fitted with linear or power statistical model and 
the coefficients are identified least squared methods described in section 
3.10.5. The equations to calculate the emissions during steady operation are 
as follows: 
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model to define the combustion condition. Maximum combustion power (P100) 
and excess air factor at that power (100) are introduced in the models to 
consider the combustion settings of each pellet boilers.  is the flue gas 
temperature at the exhaust outlet of the boiler. The identified parameters of 
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Table 5.8 Identified parameters for the emission model. 

Parameter Unit B2 B3 S1 
100 - 1.3 1.4 1.8 
0 - 3.4 2.3 5.2 

COmin mg/MJ 10 13 10 
NOmin mg/MJ 58 57 52 

TOCmin mg/MJ 1.1 0.3 0.6 
PMmmin mg/MJ 27 39 22 

Cm-n - 0.54 0.59 0.58 
 

Table 5.9 Coefficients of the emission model. 

Coefficients CO NO TOC PMm PMn 

a 138.768 0.195 2.393 0.056 0.009 
b -3.308 9.655 -4.713 0.160 0.061 
c  -1.573 -10.130 -0.552 0.138 0.676 
 

5.2.3 Steady emission model verification 
Figure 5.2 presents the difference between the measured and calculated 

emissions the steady state measurements. An additional measurement which 
was not included in the model construction is added for each device in 
comparison for verification. The calculated emissions from the emissions 
model are in good agreement with the measured data. Calculated CO and NO 
emissions are within ± 3 mg/MJ of the measured values and TOC emissions 
are within ± 0.5 mg/MJ. The differences in particle mass emissions are slightly 
higher and are within ± 10 mg/MJ. Calculated numbers of particle emissions 
are within ± 4 x 1012 particles/MJ. 
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The emission model for the stove S1 were validated towards a one hour 

steady operation sequence and a six days dynamic operation sequence. The 
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measured data were used as inputs into the emission model. The comparison 
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shown in Figure 5.3 and Figure 5.4. The deviations, calculated as described in 
section 3.11, between the model and the measurement were given in Table 
5.10. The results for particle mass emission in Table 5.10 show that the model 
is underestimating in all time step and the total particle mass is underestimated 
by 13 % for the whole sequence. The model for particle number shows a 
slightly better performance with 9 % overestimation. 

The best performance of the model is found in predicting NO emission with 
3 % deviation in total and 0.1 g/hr in each time step. CO and TOC emissions 
were found to be slightly overestimated in each time step. The total deviation 
for the whole sequence for CO emissions is 19 % and TOC is 41 %. It should 
be noted that the total amounts of CO and TOC emissions for the whole 
sequence are small and the small deviation in total amounts may give a large 
values in percent. The main focus in validation of the steady operation is the 
residual error in each time step. The residual errors in each emission are within 
the variation of measured average emissions, shown in Figure 4.3, and within 
the uncertainty of prediction shown in Figure 5.2. Therefore, the performances 
of the emission models are found to be satisfactory for each time step. 

-10
-8
-6
-4
-2
0
2
4
6
8

10

5 10 15 20 25

C
O

, 
N

O
, 

T
O

C
, 

P
M

m
 (

m
g

/M
J

)

P
M

n
 (

x
1

0
1

2
/M

J
)

Combustion power (kW)

CO NO TOC PMm PMn



64 
 

Table 5.8 Identified parameters for the emission model. 

Parameter Unit B2 B3 S1 
100 - 1.3 1.4 1.8 
0 - 3.4 2.3 5.2 

COmin mg/MJ 10 13 10 
NOmin mg/MJ 58 57 52 

TOCmin mg/MJ 1.1 0.3 0.6 
PMmmin mg/MJ 27 39 22 

Cm-n - 0.54 0.59 0.58 
 

Table 5.9 Coefficients of the emission model. 

Coefficients CO NO TOC PMm PMn 

a 138.768 0.195 2.393 0.056 0.009 
b -3.308 9.655 -4.713 0.160 0.061 
c  -1.573 -10.130 -0.552 0.138 0.676 
 

5.2.3 Steady emission model verification 
Figure 5.2 presents the difference between the measured and calculated 

emissions the steady state measurements. An additional measurement which 
was not included in the model construction is added for each device in 
comparison for verification. The calculated emissions from the emissions 
model are in good agreement with the measured data. Calculated CO and NO 
emissions are within ± 3 mg/MJ of the measured values and TOC emissions 
are within ± 0.5 mg/MJ. The differences in particle mass emissions are slightly 
higher and are within ± 10 mg/MJ. Calculated numbers of particle emissions 
are within ± 4 x 1012 particles/MJ. 

 

65 
 

 

Figure 5.2 Differences in measured and calculated emissions. 

5.3 Model validation 
The emission model for the stove S1 were validated towards a one hour 

steady operation sequence and a six days dynamic operation sequence. The 
combustion power. Excess air factor and flue gas outlet temperature from 
measured data were used as inputs into the emission model. The comparison 
of the calculated and measured emissions for one hour steady operation is 
shown in Figure 5.3 and Figure 5.4. The deviations, calculated as described in 
section 3.11, between the model and the measurement were given in Table 
5.10. The results for particle mass emission in Table 5.10 show that the model 
is underestimating in all time step and the total particle mass is underestimated 
by 13 % for the whole sequence. The model for particle number shows a 
slightly better performance with 9 % overestimation. 

The best performance of the model is found in predicting NO emission with 
3 % deviation in total and 0.1 g/hr in each time step. CO and TOC emissions 
were found to be slightly overestimated in each time step. The total deviation 
for the whole sequence for CO emissions is 19 % and TOC is 41 %. It should 
be noted that the total amounts of CO and TOC emissions for the whole 
sequence are small and the small deviation in total amounts may give a large 
values in percent. The main focus in validation of the steady operation is the 
residual error in each time step. The residual errors in each emission are within 
the variation of measured average emissions, shown in Figure 4.3, and within 
the uncertainty of prediction shown in Figure 5.2. Therefore, the performances 
of the emission models are found to be satisfactory for each time step. 

-10
-8
-6
-4
-2
0
2
4
6
8

10

5 10 15 20 25

C
O

, 
N

O
, 

T
O

C
, 

P
M

m
 (

m
g

/M
J

)

P
M

n
 (

x
1

0
1

2
/M

J
)

Combustion power (kW)

CO NO TOC PMm PMn



66 
 

 

Figure 5.3 Validation sequence for one hour steady operation of stove S1(CO, 

NO and TOC). 

 

Figure 5.4 Validation sequence for one hour steady operation of the stove 

S1(Particle mass and number). 
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Table 5.10 Deviation between measured and calculated emissions for one 

hour steady operation of the stove S1. 

  CO NO TOC PMm PMn 

|y-y'| (g),(no.) 0.13  0.08  0.01 0.29  6 x1013 
y-y' (g),(no.)  0.10  -0.07  0.01 -0.29  4 x1013 
s(E) (g/hr)(1/hr) 0.14  0.10  0.01 0.29 7 x1013 
(E) (%) 19  -3  41  -13  9  

 

 

Figure 5.5 Six days validation sequence for the stove S1. 

Table 5.11 Deviations between measured and calculated emissions for a six 

days dynamic operation of stove S1. 

  CO NO TOC PMm PMn 

|y-y'| (g),(no.) 61.69  3.65  2.48 10.73  4.35 x1015 
y-y' (g),(no.) 10.72  -0.53  0.37 7.45  -1.73 x1015 
s(E) (g/hr)(1/hr) 0.12  0.10  0.01 0.35 0.08 x1015 
(E) (%) 8 % -1 % 10 % 23 % -16 % 

 
The validation of the stove S1 with the six days dynamic operation 

sequence including start-up and stop is shown in Figure 5.5. The deviations in 
calculated and measured emissions are also presented in Table 5.11. The NO 
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emissions are in the best agreement with the measured data with 1 % 
underestimation in total emissions. The deviation in total emissions of CO and 
TOC are within 10%. The deviation in particle mass is overestimated by 23 % 
and particle number is underestimated by 16 %. In Figure 5.5, significant 
deviations in CO emissions can be seen during start-up and stop sequences 
meaning that the model is overestimating CO emission for start-up operation.  

It was found that the start-up and stop emissions varied strongly from 
sequence to sequence as shown in the Figure 4.2. The variation from the 
average value found for the start-up emissions in the stove S1 was 21% for 
CO and TOC emissions, 37 % in particle mass and 23 % in particle number 
emissions. Therefore, the deviations in total emissions in the validation with 
the six day dynamic sequence may be contributed significantly from the 
variations in start-up and stop. 

The calculated and measured data show in general good agreement but the 
particle mass emissions is underestimated in the validation with one hour 
steady operation and overestimated in the validation with the six days 
sequence. The results from Table 5.10 and Table 5.11 indicate that calculation 
of particle emissions is too simplified for the dynamic behavior in generation 
of particle emissions during combustion since the emission model was 
constructed based on the average of several measurements.  

5.4 Summary for emission model and validation 
Emission models for both gaseous and particle emissions were developed 

for the simulation of a wood pellet heating device for residential heating. The 
presented emission model can be used in combination with a thermal boiler 
model in TRNSYS and the annual emission factors from a realistic operation 
of a residential pellet stove can be simulated with respect to the energy 
consumed during a whole year (Vestlund et al. 2012). The predicted results 
from the emission model developed in the study are in good agreement with 
the measured data taking into account of the relatively high fluctuation of 
emissions. 

It should be noted that emission prediction for combustion is specific to the 
combustion device and technology. It is not possible to fully cover the 
emission characteristics of pellet boilers available in the market and the 
emission model developed in the study will be applicable only for similar 
types of pellet boilers and stoves. The present models can be improved by 
adding additional parameter to represent the difference of other wood pellet 
boilers’ combustion from the tested boilers. Similar experimental 
measurements will be required for other pellet stoves to identify the 
parameters for each type of stove. 

 

69 
 

6 Discussion 

6.1 Burner design and transient emissions 
The start-up and stop emissions were analyzed in relation to the burner 

design of the tested pellet combustion devices (Boiler B1, B2, B3 and stove 
S1) in paper VI. For a cubic centimeter of pellet, the oxygen diffusion into the 
pellet fuel according to equation 2 is 8.9 x 10-12 molcm-3 and reaction rate at 
400 °C according to equation 4 is 5.2 x 10-5 mols-1. The variation in convection 
due to the air flow appears to be greater by an order than the reaction rate. The 
change in reaction rate due to temperature is small compared to the effect by 
the convection. The calculated reaction rate at 300 °C is 1.8 x 10-6 mols-1. 

Therefore, the variations in the results calculated according to equation 1 are 
dominantly influenced by the convection. The calculated oxygen convection 
to a cubic centimeter pellet is presented in Table 6.1for the measured flows of 
the pellet boilers. The highest convection is found in the stove S1 due to its 
small burning chamber and high combustion air flow resulting a better mixing 
of air and fuel than other boilers. 

Table 6.1 Calculated oxygen convection for different phases of the tested 

boilers. 

 Start-up Steady Stop 
 molcm-1s-

1 
molcm-1s-

1 
molcm-1s-

1 B1 6.2 x 10-4 6.2 x 10-4 2.3 x 10-4 
B2 7.1 x 10-4 6.2 x 10-4 3.2 x 10-4 
B3 7.1 x 10-4 7.1 x 10-4 3.2 x 10-4 
S1 1.2 x 10-3 7.1 x 10-4 7.6 x 10-4 

 

The emissions during the start-up phase are dependent on the geometry of 
the fuel bed and the combustion chamber. In addition, the combustion air 
velocity, type of ignition, temperature of the fuel and combustion air influence 
the combustion conditions. The preheating of combustion air and pellet fuel 
can be observed from the measured electricity consumption by the boiler. 
Operation (electrical power, air flow) and emissions (CO, PM2.5) profiles of 
tested pellet combustion devices are shown in Figure 6.1. 
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The preheating of combustion and fuel in B2 continues for several minutes 
after the fuel is ignited while it stops at other devices. This prolonged 
preheating increases the combustion temperature during start-up of B2 
causing a good reaction rate leading to a short duration of the start-up phase. 
If the heating did not continue after ignition, the combustion temperature may 
be lower decreasing the reaction rate and causing relative increase of 
emissions. The emission characteristics in boiler B3 start-up is at similar level 
as B2 due to similar burner design but with a longer duration. 

The lowest emission peak is in the start-up of S1 but the accumulated 
amount of emission is similar to that of B1 due to longer duration than the B2 
start-up. Stove S1 has a conical shaped opening of the burner (Figure 3.1) and 
a small amount of fuel is used for ignition and then more fuel are added. A 
small chamber for the fuel bed and a relatively higher air velocity allows a 
better mixing of fuel and combustion air providing a good combustion 
condition. 

The bottom fed boiler B1 has a screw that is feeding pellets upwards in to 
the cup shaped burner together with air. At the start-up, the new fuel will be 
fed into the cup, partially or entirely below the ash deposit from the previous 
combustion cycle. This will give a cooling effect in the beginning (low 
reaction rate), causing emissions with respect to particles and CO as the 
temperature is a bit low to get a complete combustion even though a fairly 
good mixing between air and fuel is achieved (high convection and diffusion 
in gas phase). The start-up sequence is longer in the bottom fed boiler B1 than 
in the other top fed devices to facilitate the flame propagation on the fuel bed. 
It can be seen in Figure 3.3 that the fan remains in nominal power for about 5 
minutes after ignition to support the flame and then stops for 5 minutes for 
flame propagation. Several high emission peaks occur during the start-up 
phase of B1. The start-up sequence in B1 is the main reason for high total 
emissions in that phase due to the longer duration and high peaks. 
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Figure 6.1 Operation (electrical power, air flow) and emissions (CO, PM2.5) 

profiles of tested pellet combustion devices. 

During the stop phase of B1, the glow of unburnt fuel continue to the fuel 
layer below in the combustion cup causing emissions (low convection giving 
low oxygen levels and low diffusion in the pellets causing formation of 
hydrocarbons). This is also taking place in the ash pot under the actual 
combustion. The emissions of fine particles during steady operations is also 
relatively high, probably due to the fact that ash is covering the fuel coming 
out from the fuel tube making the diffusion of air into the particles less 
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efficient, and thereby giving formation of unburned hydrocarbons, forming 
the fine particles after condensation. During start up the concentration of CO 
is very high compared to the other burners due to this as well. In boiler B2, 
the cleaning sequence with pressurized air to clean the burner during stops 
from unburned fuel causes the unburned pellet fuel continue glowing in the 
ash box resulting a high total emissions for the stop phases in B2. Although 
the cleaning sequence was intended to increase the maintenance interval of 
the burner by removing the sintered ash, more emissions were accumulated 
due to the long glowing in the ash box. 

The emission performances were qualitatively summarized for the 
different modes of operation in Table 6.2 based on the emission results (Figure 
4.2) and the characteristics (Figure 6.1). It shows that stove S1 performs best 
in overall due to its small burning chamber and good operating settings. 
Higher combustion air velocity in a small burning chamber increases the 
diffusion in combustion of pellet. The bottom fed boiler B1 is shown to be 
poorest in emission performance in the operating phases. It can be contributed 
to the design and operating sequence of boiler B1. Longer preheating in boiler 
B2 start-up increase the combustion temperature to improve reaction rate and 
is shown to be a good indicator of the emission performance in that phase. 
However, the new cleaning feature during the stop phase resulted in a long 
period with glowing of unburned pellet. 

Table 6.2 A qualitative comparison of emission performances between the 

pellet devices. 

Phase Boiler B1 Boiler B2 Boiler B3 Stove S1 

Start-up Worst Best Good Good 
Steady Worst Good Good Best (air staging) 
Stop Worst due 

to long 
period of 
glowing 

Bad due to glowing 
caused by 
compressed air 
cleaning 

Average Best 

 

6.2 Start-up and stop emissions in annual emissions 
The study has shown that the transient start-up and stop phases of pellet 

heating boilers contribute to a major part of the annual emissions of a 
residential heating system. Start-up and stop CO represents 80-95 % of annual 
CO emission for the tested systems and start-up and stop TOC vary from 60 
to 90 % of the annual TOC while the amount of fuel used during these phases 
is about 10% of the total fuel combusted. (Figure 4.12)  

In this study, 30 % to 40 % of total particle emissions were contributed 
from these phases. Annual particle emissions are less affected by start-up and 
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stops than CO and TOC. Annual NO emission is found to be closely related 
to fuel consumption since NO emission from the residential pellet combustion 
mainly come from the fuel bound nitrogen. Nitrogen oxides from the start and 
stop phases are between 10 and 20 % of total emissions, which is in good 
correlation with the amount of fuel combusted in these phases.  

As the contribution from the start-up and the stop phase is higher for CO 
and TOC, the potential savings by reducing the number of starts and stops are 
also higher for these emissions. On the other hand, particle emissions tend to 
dominate during stable operation on an annual perspective (Figure 4.14). 
However, 30-40% of total particle emissions from the transient phases (Figure 
4.12) is still significant. As the transient start and stop sequences are an 
important source of emissions, it is important to optimize the operation and 
control system of the wood pellet boilers in order to minimize the annual 
emissions of residential heating system. The number of start-up of the pellet 
boiler can be optimized with the operational parameters of the heating system 
such as heat load, return water temperature and controlling the boiler pump 
operation (Vestlund et al. 2012). 

6.3 Emission reduction 
The results from combustion tests of pellets with magnesium oxides in this 

study showed increase in particle emissions. Higher particle emissions with 
magnesium additives was due to the overdose of additives in the wood pellet 
fuel with low ash. The potential to reduce particle emissions with kaolin 
additives in the fuels has been shown with oat grain pellet (Bäfver et al. 2009). 
It can be concluded that use of additives to reduce the particle emissions is 
more effective in fuels with high ash content. 

It is difficult to reduce emissions from small scale combustion units as the 
measures for reduction of emissions like electrostatic filters or catalysts are 
costly and do not contribute to fuel savings (Persson and Win 2011). Primary 
measures to reduce the emissions from small scale combustion is the optimum 
design of the burner and the combustion controls. Significant reductions of 
emissions can be achieved by controlling the air supply properly, for example 
through staged air supply (Lamberg et al. 2011; Carroll et al. 2015) and the 
use of gas sensors (Eskilsson et al. 2004). Techniques for active treatment such 
as electrostatic filters and catalysts have been harder to introduce onto the 
market for small scale implementation, as they do not provide any economic 
benefits for the user (Persson and Win 2011). In this case, a mandatory 
regulation is required. However, further advances in technology and reduction 
in prices of these active techniques are also necessary to be economically 
feasible to implement them on a small scale. 
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efficient, and thereby giving formation of unburned hydrocarbons, forming 
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Average Best 
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Table 6.3 Summary of various measures to reduce emissions from small scale 

pellet combustion. Percentage savings, as stated, are not comparable with 

each other, as they have been measured for different operating conditions and 

levels of reference. 

Measures 
Potential reduction 

Remarks 
PM VOC CO NOx 

Combination 
with solar 
heating 

- - 45 % - 
Reduction in annual 
basis (Persson 2006; 
Persson et al. 2006b) 

Air staging 30-90% - <87% - (Oser 2004) 

Flue gas 
recycling 

- - rise 20 %  (Zandeckis 2010) 

ON/OFF instead 
of maintenance 
firing 

> 90%** >90%** - - 
Low load operation 
(Pettersson et al. 2004) 

Modulation 
instead of 
ON/OFF 

- - 9-33% - 
Reduction in annual 
basis (Persson et al. 
2005) 

Gas sensors (O2, 
CO2 sensors) 

- - 60 % 8-15% (Eskilsson et al. 2004) 

Flue gas 
condensation 

30-70% 0 0 0 
(Rawe et al. 2006; 
Hermansson 2009) 

Additives 30-60% - - - (Bäfver et al. 2009) 

Electrostatic 
filter 

50-85 % 0 0 0 
(Bologa et al. 2010; 
Obernberger and 
Mandl 2011) 

Gasified 
combustion 

>75% - >80% - (Nuutinen 2010) 

** Potential reduction are overestimated because emissions are calculated 

without weighting with the flue gas flow. 

A review of the measures to reduce the emissions from small scale pellet 
combustion is presented in Table 6.3. Electrostatic filters shows the highest 
potential for reduction of particle emissions. Air staging, avoiding the 
maintenance firing, flue gas condensation, and gasified combustion 
technologies also have proven to be effective ways to reduce particulate 
emissions. In gasified combustion, pellets fuels are gasified in a small reactor 
and then synthesis gas produced from the gasification is burned directly in a 
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boiler for heat production. A study of the newly developed gasification boiler 
with pellets reported very low emissions of particulates and gaseous emissions 
compared to standard pellet boilers (Nuutinen 2010). Maintenance firing 
should be avoided to reduce VOC emissions. Only minor NOx reductions is 
possible for small scale pellet combustion by means of flue gas recirculation 
and gas sensors. However, CO emissions increase in flue gas recirculation. 

The combination with solar heating reduces emissions during the summer 
by replacing the low-load operation, which has the highest emissions per unit 
energy produced (Fiedler 2009; Vestlund et al. 2012). Improved control 
system to reduce the start-up and stop, as well as the optimized power 
adjustment of the burners can also reduce emissions. Modulating operation 
instead of ON / OFF can also give emission reductions. In addition to reducing 
the emissions, these measures also increase the system efficiency and 
therefore they provide an economic interest to implement the measures. 

To achieve reduced emissions in reality from small scale pellet combustion 
on a national perspective, the main focus should be on reduction of annual 
emissions from realistic operation. The annual emissions from residential 
pellet boilers with low emission values during steady operation, fulfilling the 
emission limits of the ecolabels, can still emit high amount of emissions 
exceeding the emission limits due to the unaccounted emissions from the 
transient start-up and stop phases (paper III). 

Comparing the annual emission factors from realistic dynamic testing of 
the heating systems in this study (Table 4.3), the stove S1 in system B 
generated the smallest amount of emissions. Replacing an existing pellet 
boiler with a new one with better emission performance can reduce the annual 
emissions. Replacing the boiler B2 with the stove S1 can reduce the annual 
emissions by 36.5 kg CO/year, 2.2 kg NO/year, 3.5 kg OGC/year and 5.6 kg 
particle/ year. 

As an example, the influence of control and system design parameters on 
the annual emissions of the heating system can be seen in Table 6.4, presenting 
the annual emission factors from the operation of wood pellet stove S1 in a 
single family house. The data were extracted from the simulation study by 
Vestlund et al. (2012) using the developed emission model (chapter 5) and the 
boiler model type 210. Base case ‘0’ comprise of a standard heating system in 
a low energy single family house with solar heating and a wood pellet stove. 
The number of start-up decreases with a more suitable control setting or 
operational setting. The CO and TOC emissions decrease as the number of 
start-up decreases while particle mass emissions slightly increases. 85% of the 
number of start-up from base case “0” to case VIII was reduced through a 
series of changes in system settings. For that reduction of start-ups, CO and 
TOC emission factors were reduced by 75 % while 13% increase in NO factor, 
15 % increase in particle mass and 23 % reduction in particle number emission 
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factors were observed. The increase in particle mass factor was due to 
relatively higher reduction of accumulated total fuel consumption than that of 
total particle mass emissions. 

Table 6.4 also shows that the accumulated total emissions (fuel 
consumption multiplied with emission factors) are reduced with less number 
of start-up and stop. The gaseous emission  of CO and TOC can be 
significantly reduced by system design optimization as previously shown also 
by Persson et al. (2006b). Decrease in particle number emissions shows a 
higher potential reduction of particle numbers than particle mass. 41% of 
accumulated total particle number were reduced from case “0” to case VIII 
while 12 % reduction in total particle mass. Fewer fine particles from stop 
phases are produced with less number of start-up and stop (Figure 4.4). 

Table 6.4 Annual emission factors from the simulation study of a residential 

heating system with a wood pellet stove (Vestlund et al. 2012). 

Case No. 
start 

Fuel 
(MJ) 

CO 
(mg/MJ) 

NO 
(mg/MJ) 

TOC 
(mg/MJ) 

PMm 
(mg/MJ) 

PMn 
(1/MJ) 

0 1627 45.1 615 56 12.9 84 5.0E+13 
I 539 24.1 371 58 7.8 88 3.6E+13 
II 526 23.3 376 58 7.9 88 3.5E+13 
III 720 38.2 321 60 6.8 92 3.5E+13 
IV 682 36.7 317 60 6.7 92 3.5E+13 
V 345 34.6 189 62 4.0 94 3.5E+13 
VI 274 34.5 162 63 3.4 97 3.8E+13 
VII 262 34.2 157 63 3.3 96 3.7E+13 
VIII 250 34.6 152 63 3.2 97 3.9E+13 

Case  Description 
0  Heating system with solar collector and a wood pellet stove 
I  Switching off the pump when the stove stops 
II  Delay switching off the pump after the stove stops 
III  Stove ON/OFF with two temperature sensors 
IV  Lowering outlet to DHW and space heating 
V  Lowering stove and solar supply inlet at the tank 
VI  Increasing mixing valve temperature of stove circuit 
VII  PID regulated pump flow 
VIII  ON/OFF temperature control for stove pump 
 
Switching of the stove pump after the stove stops reduced 77 % of the start-

ups (case II). Increasing the temperature of the return water to the stove by 
increasing the mixing valve temperature and decreasing the stove pump flow 
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further reduced the number of start-ups (case VI). However, there are risks 
due to the flow reduction. Since the water from the tank sometimes can have 
a relatively high temperature and then the temperature rise in the stove can 
result in overheating. A more efficient way was putting a PID-controller for 
the pump flow and put it on 90 °C set temperature (case VII). Then the boiler 
always delivered high temperatures. When using a PID the mixing valve 
temperature became less important as well. About half of the start-ups can be 
reduced by using two temperature sensors for boiler ON/OFF (case II) or 
optimizing of the positions for the inlet and outlets from the storage tank (case 
IV and V). For a house with the floor heating system, the outlet to space 
heating position at the storage tank should be optimized for the floor heat 
system, instead of positions optimized for radiators to reduce the number of 
starts. 

6.4 Ecolabel limits and annual emission factors 
As described in section 2.5, emission limits set by ecolabels target mainly 

the emissions generated from steady operation and the emissions during  the 
start-up and stop phases are not counted in the test methods such as EN303-5 
(CEN 2012b) for certifying the pellet boilers and stoves although it is 
generally known that higher rates of emissions are generated in these phases 
due to unstable combustion conditions. These emission targets represents only 
a small part of the annual emissions for CO and OGC which are mainly 
contributed from the start-up and stop phases. According to the results from 
the dynamic test in this study (paper III), only 5 to 20 % of the CO emissions 
were generated during stable operation. For OGC, it was 10 to 40 % from the 
stable operation. 

The seasonal emission factor from the new EU ecolabel and Ecodesign 
criteria combines the emission performance from low load operation into 
nominal operation in order to take into account of the high emissions from 
transient operation. The seasonal emission factor is calculated according to 
equation (6.1) (EU 2014; 2015b). 

  = 0.85, + 0.15,                       (6.1) 
where:  
Es = Seasonal emission factor; 
Es,p = Emission measured at 30 % or 50 % of rated heat output, as 

applicable; part load 50% is for the boiler that cannot operate lower than 50% 
of the full load. 

Es,n = Emission measured at rated heat output. 
 
Stove S1 was selected as an example of comparing the seasonal emission 

factors and the annual emission factor from dynamic testing of a realistic 
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operation. Stove S1 was selected because the official emission test report was 
available and the official test report of other pellet devices in this study were 
not accessible. The measured emission data from full and minimum heat 
output is presented in Table 6.5. The annual emission factors from the 
dynamic six-day test of the stove S1 is presented in Table 6.6. The particle 
sampling in the dynamic test was performed in a full flow dilution tunnel and 
continuously measured with ELPI while the standard in chimney prescribes a 
gravimetric method. Therefore, the particle emissions factor from dynamic 
operation is higher. 

 
Table 6.5 Emission performance of stove S1 from standard testing (BLT 2003) 

and calculated seasonal emission factors. 

 CO 
(mg/MJ) 

NO 
(mg/MJ) 

OGC 
(mg/MJ) 

PM 
(mg/MJ) 

Full heat output 94 76 3 15 
Minimum output (30%) 202 NA 5 NA 
Seasonal emission factor 110 76 3.3 15 

 
Table 6.6 Annual emission factor from the dynamic six-day test. Paper (III). 

 CO 
(mg/MJ) 

NO 
(mg/MJ) 

OGC 
(mg/MJ) 

PM 
(mg/MJ) 

Excluding start-up 
and stop 

33 62 1.3 27 

Including start-up 
and stop 

192 61 6.1 31 

 
The seasonal emission factors were calculated for CO and OGC with 

standard test results according to equation (14): 110 mg/MJ CO and 3.3 
mg/MJ OGC. Comparing with the measured results from Table 6.6, the annual 
emission factor of CO and OGC from the realistic operation sequence are 
higher than the seasonal emission factor although the emission factors of CO 
and TOC during stable operation in dynamic test are lower than that of the full 
heat output operation from standard test. It shows that taking the emission 
performance at low load (30 % of full load) partly compensate for the transient 
conditions. However, it may not at all fully represent the emissions from start-
up and stop during realistic operation. Moreover, these annual emission 
factors will increase with higher number of start-ups and the stove S1 was 
integrated in a well working solar combi-system with relatively few start and 
stop (Table 6.4). 

The results of this study show that the ecolabels’ and Ecodesign 
requirements regarding emission levels can be criticized for at least two 
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reasons. Firstly, specifying very hard emission requirements for steady state 
emissions will not necessarily promote boilers with low annual emissions as 
a large or even dominating part of the annual emissions in real operation may 
arise from the start-up and stop sequences of the boilers. There is no obvious 
correlation between low start-up and stop emissions and low steady state 
emissions in this study (Figure 4.2 and Figure 4.3). Secondly, it has been 
shown that system design and control algorithms (section 6.3), (Vestlund et 
al. 2012) may have a large influence on the annual emissions. As a poor 
system design could ruin the emission performance of a good boiler, it means 
that the system design and the control system also would need to be considered 
in the test methods and accounted for in order to certify that a pellet boiler will 
have low annual emissions during real time operation conditions.  

If the emissions from start-up and stop phases are not taken into account as 
well as the steady operating conditions, the emission results from proposed 
test methods will be underestimating the actual emissions from realistic 
operation conditions. It might not push the development of the boilers toward 
lower annual emissions during real conditions. 

If the emission characteristics from different phases are known, the 
emissions characteristics can be applied in the emission model presented in 
Chapter 5 and annual emission factors of the heating system can be obtained 
from the simulation of the system in TRNSYS. However, the main challenge 
in characterisation of emissions from transient operations is the low flow of 
flue gas which most commercial flow senor cannot measure with a reliable 
accuracy and repeatability. In this study, a set of multi-port averaging Pitot-
tubes was made and calibrated in combination with the pressure transducer 
which is specific to the installed chimney in order to be able to measure the 
low flue gas flow during transient conditions (section 3.6). 
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 CO 
(mg/MJ) 

NO 
(mg/MJ) 

OGC 
(mg/MJ) 

PM 
(mg/MJ) 
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Table 6.6 Annual emission factor from the dynamic six-day test. Paper (III). 
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NO 
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PM 
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from the simulation of the system in TRNSYS. However, the main challenge 
in characterisation of emissions from transient operations is the low flow of 
flue gas which most commercial flow senor cannot measure with a reliable 
accuracy and repeatability. In this study, a set of multi-port averaging Pitot-
tubes was made and calibrated in combination with the pressure transducer 
which is specific to the installed chimney in order to be able to measure the 
low flue gas flow during transient conditions (section 3.6). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

  



80 
 

 

81 
 

7 Conclusions 

The characterization of both gaseous and particle emissions in three 
operating phases, start-up, steady and stop phases, of the residential wood 
pellet boilers and stoves is essential to identify the influence of start-up and 
stop phases on total annual emissions under realistic operating conditions. 
Moreover, using these characterized emission data, the annual emission factor 
from a realistic operation of a residential pellet stove can be simulated with 
respect to the energy consumed during a whole year. The predicted results 
from the emission model developed in the study are in good agreement with 
the measured data. 

The duration and accumulated emissions of the start-up and stop phases of 
the pellet devices vary with each devices’ design and operation sequences. 
The emissions during a start-up are found to be related to the ignition type, 
supply of air and fuel, and time to complete the phase. Similarly, the emissions 
during a stop phase are influenced by the fan operation and the cleaning 
routine. The rate of CO emissions during the start-up and stop phases can be 
from forty to several hundred times higher than the CO emission rate in a 
steady operation (Figure 4.1, Figure 6.1). Similar proportion can be applied to 
TOC emissions. 

The study shows that physical design and operation sequence of the pellet 
combustion device is important for their emission performance. Air staging in 
combustion chamber improve the combustion of volatile gases reducing the 
emissions. Optimizing the amount of fuel and combustion air velocity can also 
improve the combustion conditions.  Higher combustion air velocity in a small 
burning chamber, such as in the stove S1, increases the diffusion in 
combustion of pellet. Longer preheating during the start-up increase the 
combustion temperature and improve the reaction rate and is shown to be a 
good indicator of the emission performance in the start-up phase. Although 
the cleaning fuel bed with compressed air during the stop phase was intended 
to improve the burn out phase, it can leads to a situation of glowing unburnt 
pellet in the ash box causing high emissions during the stop phase. The bottom 
fed boiler is shown to have poor emission performance in the operating phases 
due to the burner design and operating sequence. 

The six-day test results giving annual emission values showed the 
emissions from the start-up and stop phases are significantly high for the CO 
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(80 - 95 %) and the TOC (60 - 90 %). NO and particles emissions are shown 
to dominate during steady operation. The particle emissions during start-up 
and stop phases represent 30 - 40 % of the total particle emissions and are not 
as high as CO and TOC. Annual emission factors from realistic operation of a 
typical residential heating system with a top fed wood pellet boiler can be 
between 190 and 400 mg/MJ for the CO emissions, between 60 and 95 mg/MJ 
for the NO, between 6 and 25 mg/MJ for the TOC, between 30 and 116 mg/MJ 
for the particulate matter and between 2x1013 and 4x1013 /MJ for the number 
of particles. If the boiler has the cleaning sequence with compressed air such 
as in boiler B2, the annual CO emission factor can be up to 550 mg/MJ. The 
CO annual emissions are 2 – 22 times higher than the steady operation and for 
the TOC annual emissions, it is 2 – 13 times, Annual particle emission mass 
can be up to 1.5 times than the steady operation. It is also shown that the 
average emissions of CO, TOC and particles mass under the realistic annual 
conditions were greater than the limits allowed in two eco labels. 

The annual emissions of residential pellet heating systems can be reduced 
by optimizing the number of start-ups of the pellet boiler. The number of start-
up of the pellet boiler can be optimized with the operational parameters of the 
heating system such as heat load, return water temperature and controlling 
boiler pump operation. It is possible to reduce up to 85% of the number of 
start-ups in a residential pellet heating system by changing a series of 
operation parameters and system design such as switching of the boiler pump 
after the boiler stops, using two temperature sensors for boiler ON/OFF, 
optimizing of the positions for the inlet and outlets from the storage tank, 
increasing the mixing valve temperature and decreasing the pump flow. For 
85 % reduction of start-ups, 75 % of CO and TOC emission factors were 
reduced while 13% increase in NO factor, 15 % increase in particle mass 
emission factor and 23 % decrease in particle number emission factor were 
observed. The increase in particle mass factor was due to relatively higher 
reduction of total fuel consumption than that of total particle mass emissions. 
The accumulated annual total emissions are reduced with less number of start-
up and stop. Decrease in particle number emissions shows a higher potential 
reduction of particle numbers than particle mass. 41% of accumulated total 
particle number were reduced from case “0” to case VIII while 12 % reduction 
in total particle mass. 

The study has shown that the ecolabels’ and Ecodesign requirements 
regarding emission levels do not fully represent annual emission factors from 
realistic operation of wood pellet boilers. Specifying tougher emission 
requirements for steady state emissions will not necessarily promote boilers 
with low annual emissions as a large or even dominating part of the annual 
emissions in real operation may arise from the start-up and stop sequences of 
the boilers. Therefore, the aspect of the emissions from realistic operation is 
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recommended to be taken into account in the emission requirement of 
ecolabels and Ecodesign criteria. 

Estimating annual emission factors for a residential pellet heating system 
under realistic conditions can be accomplished with whole system testing 
described in section 2.6 or by system simulation using the emission model 
developed in this study. The system design greatly influences the number of 
start-ups of the pellet boiler as shown in section 4.2 and Table 6.4. Therefore, 
it is not possible to calculate accurate annual emission factors without the 
number of start-ups, even if the emission characteristics for different operating 
phases of the boilers are known. 
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8 Future works 

For a better understanding of the emission characteristics during the start-
up and stop phases, more pellet boilers with different burner design, 
combustion settings and cleaning routine should be studied during realistic 
operation. The developed emission model can be improved by using 
additional measured data of other pellet boilers. Further system simulations 
using the model is required to provide guidelines for designing pellet heating 
systems with optimized energy and emission performances. 

This study highlights the importance of the emissions from the start-up and 
the stop phases in the annual emissions from wood pellet heating systems 
under realistic conditions. Therefore, it is important to consider the aspect of 
realistic operation to predict accurate annual emission factors. The emissions 
from start-up and stop phases should be included in the measurement methods 
for the emission requirement of the Ecolabels and Ecodesign criteria. In 
quantifying the transient emissions, reliable flue gas flow rate measurements 
are crucial and further development is required to be able to measure low flue 
gas flow rates during the transient phases. 
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Appendix A: Parameters list of the emission model 

No. Model parameter Symbol Unit Note 

1 Electrical 
consumption 

Pel W Calculated from measurement 
data 2 Fuel flow mfuel kg/hr Operating fuel flow is an input 

3 Excess air factor lambda - Calculated from fuel flow 

4 Air flow mAir kg/hr Calculated from the fuel flow 

5 Carbon monoxide mCO g/hr Calculated with function of fuel 
and air flow 6 Lambda at P0 lambda0 - Identified parameter 

7 Lambda at P100 lambda1
00 

- Identified parameter 

8 Min. CO factor COmin mg/MJ Identified parameter 

9 Min. NO factor NOmin mg/MJ Identified parameter 

10 Min. TOC factor TOCmin mg/MJ Identified parameter 

11 Min PMm factor PMmin mg/MJ Identified parameter 

12 Nitrogen oxide mNO g/hr Calculated with function of fuel 
and air flow 13 Total hydrocarbon mTOC g/hr* Calculated with function of fuel 
and air flow 14 Particulate mass mPMm g/hr Calculated with function of fuel 
and air flow 15 Particle number mPMn 1/hr Calculated with function of fuel 
and air flow 16 Start-up fuel start_fuel kg Measured average value 

17 Strat-up CO start_CO g Measured average value 

18 Start-up NO start_NO g Measured average value 

19 Start-up TOC start_TO
C 

g Measured average value 

20 Start-up PM mass start_PM
 

mg Measured average value 

21 Start-up PM 
number 

start_PM
 

No. Measured average value 

22 Stop fuel stop_fuel kg Measured average value 

23 Stop CO stop_CO g Measured average value 

24 Stop NO stop_NO g Measured average value 

25 Stop TOC stop_TO
C 

g Measured average value 

26 Stop PM mass stop_PM
 

mg Measured average value 

27 Stop PM number stop_PM
 

No. Measured average value 

28 Flue gas 
temperature 

Tfg_o °C Input from the stove model 
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Appendix B: Stop profile of boiler B2 with 
glowing period 

Time Pel Fuel Air CO NO TOC PM2.5 No 

(90s) W - kg/hr - - - - - 
1 17 9.785 30 8.302 21.102 0.068 10.352 12.140 
2 16 4.146 31 8.025 8.900 0.074 3.620 7.504 
3 17 2.290 32 3.607 4.752 0.068 1.634 5.352 
4 17 1.236 33 1.450 1.562 0.099 0.844 3.430 
5 10 0.594 25 0.499 0.344 0.105 0.289 1.110 
6 3 0.347 8 0.176 0.467 0.085 0.105 0.197 
7 3 0.394 9 0.237 0.212 0.199 0.410 0.309 
8 3 0.384 9 0.276 0.268 0.431 0.523 0.312 
9 3 0.360 9 0.276 0.128 0.458 0.168 0.219 

10 3 0.342 9 0.278 0.018 0.434 0.173 0.263 
11 3 0.332 9 0.311 0.020 0.533 0.359 0.347 
12 3 0.321 9 0.341 0.032 0.704 0.510 0.370 
13 3 0.313 9 0.356 0.122 0.849 0.820 0.318 
14 3 0.313 9 0.351 0.049 0.878 0.488 0.345 
15 3 0.322 10 0.375 0.130 0.941 1.186 0.491 
16 3 0.323 10 0.383 0.177 0.988 1.223 0.404 
17 2.631 0.315 9.698 0.380 0.187 1.033 1.340 0.421 
18 2.554 0.317 9.682 0.392 0.239 1.095 1.630 0.434 
19 2.611 0.310 9.684 0.367 0.169 1.037 1.313 0.408 
20 2.701 0.315 9.751 0.368 0.201 0.990 1.105 0.349 
21 2.734 0.281 9.742 0.330 0.141 0.851 1.004 0.272 
22 2.633 0.319 9.809 0.384 0.154 1.020 1.180 0.268 
23 2.570 0.313 9.839 0.374 0.101 0.924 0.902 0.213 
24 2.592 0.316 9.837 0.372 0.174 0.968 1.119 0.245 
25 2.610 0.339 9.898 0.389 0.163 1.007 1.007 0.195 
26 2.620 0.350 9.861 0.393 0.084 1.008 0.716 0.192 
27 2.628 0.364 9.922 0.403 0.089 1.016 0.571 0.216 
29 2.603 0.371 9.946 0.403 0.010 1.000 0.409 0.180 
30 2.582 0.377 9.943 0.399 0.006 0.970 0.285 0.159 
31 2.618 0.367 10.02 0.377 0.000 0.916 0.209 0.139 
32 2.619 0.362 9.885 0.362 0.000 0.857 0.170 0.112 
33 2.647 0.355 9.987 0.349 0.000 0.832 0.160 0.092 
34 2.631 0.343 10.10 0.334 0.000 0.804 0.160 0.079 

99 
 

35 2.615 0.329 10.06 0.317 0.000 0.768 0.155 0.066 
36 2.578 0.322 10.23 0.310 0.000 0.763 0.152 0.056 
37 2.610 0.310 10.16 0.295 0.000 0.732 0.144 0.050 
38 2.624 0.303 10.17 0.285 0.000 0.703 0.140 0.043 
39 2.657 0.291 10.14 0.270 0.000 0.669 0.135 0.043 
40 2.656 0.295 10.27 0.270 0.000 0.659 0.140 0.043 
41 2.644 0.286 10.26 0.257 0.000 0.620 0.127 0.040 
42 2.631 0.281 10.24 0.248 0.000 0.584 0.114 0.043 
43 2.625 0.279 10.36 0.246 0.000 0.561 0.106 0.043 
44 2.635 0.275 10.36 0.239 0.000 0.531 0.096 0.041 
45 2.622 0.269 10.43 0.232 0.000 0.502 0.095 0.043 
46 2.595 0.262 10.28 0.226 0.000 0.475 0.103 0.044 
47 2.558 0.258 10.39 0.222 0.000 0.456 0.090 0.045 
48 2.575 0.257 10.38 0.219 0.000 0.437 0.091 0.045 
49 2.595 0.250 10.46 0.214 0.000 0.428 0.141 0.053 
50 2.625 0.249 10.49 0.212 0.000 0.404 0.060 0.049 
51 2.614 0.245 10.55 0.208 0.000 0.374 0.051 0.045 
52 2.631 0.241 10.66 0.143 0.000 0.350 0.048 0.046 
53 2.602 0.236 10.63 0.118 0.000 0.334 0.046 0.044 
54 2.575 0.230 10.52 0.115 0.000 0.310 0.044 0.045 
55 2.597 0.223 10.47 0.112 0.000 0.292 0.043 0.045 
56 2.602 0.221 10.49 0.111 0.000 0.278 0.042 0.045 
57 2.598 0.219 10.65 0.109 0.000 0.266 0.041 0.045 
58 2.587 0.217 10.68 0.109 0.000 0.255 0.041 0.047 
59 2.589 0.213 10.74 0.106 0.000 0.243 0.041 0.046 
60 2.593 0.209 10.67 0.105 0.000 0.232 0.041 0.045 
61 2.582 0.204 10.65 0.103 0.000 0.220 0.041 0.045 
62 2.570 0.201 10.60 0.101 0.000 0.212 0.041 0.044 
63 2.575 0.198 10.65 0.100 0.000 0.204 0.041 0.045 
64 2.584 0.194 10.69 0.098 0.000 0.195 0.041 0.046 
65 2.576 0.191 10.78 0.097 0.000 0.189 0.040 0.044 
66 2.588 0.188 10.78 0.095 0.000 0.180 0.041 0.045 
67 2.581 0.184 10.74 0.094 0.000 0.173 0.041 0.046 
68 2.589 0.181 10.83 0.092 0.000 0.167 0.041 0.045 
69 2.609 0.177 10.82 0.090 0.000 0.161 0.041 0.045 
70 2.614 0.172 10.84 0.089 0.000 0.155 0.041 0.045 
71 2.578 0.171 10.94 0.088 0.000 0.151 0.041 0.046 
72 2.600 0.168 11.03 0.087 0.000 0.146 0.042 0.046 
73 2.614 0.163 10.99 0.085 0.000 0.140 0.041 0.045 
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100 
 

74 2.625 0.159 10.96 0.084 0.000 0.133 0.042 0.046 
75 2.639 0.157 10.97 0.083 0.000 0.128 0.042 0.045 
76 2.631 0.154 10.99 0.082 0.000 0.122 0.042 0.045 
77 2.603 0.150 11.03 0.081 0.000 0.117 0.042 0.044 
78 2.630 0.148 11.05 0.080 0.000 0.111 0.042 0.045 
79 2.629 0.144 11.07 0.078 0.000 0.105 0.042 0.044 
80 2.653 0.140 10.95 0.076 0.000 0.098 0.042 0.044 
81 2.651 0.139 11.02 0.075 0.000 0.095 0.042 0.044 
82 2.660 0.137 11.15 0.075 0.000 0.092 0.042 0.042 
83 2.642 0.133 11.13 0.073 0.000 0.088 0.042 0.042 
84 2.679 0.129 11.11 0.071 0.000 0.085 0.042 0.041 
85 2.671 0.128 11.19 0.070 0.000 0.082 0.042 0.042 
86 2.667 0.123 11.13 0.067 0.000 0.079 0.042 0.041 
87 2.654 0.118 11.12 0.065 0.000 0.076 0.042 0.043 
88 2.657 0.115 11.15 0.065 0.000 0.076 0.042 0.041 
89 2.601 0.112 11.22 0.064 0.000 0.073 0.042 0.041 
90 2.626 0.110 11.23 0.063 0.000 0.070 0.042 0.041 
91 2.629 0.107 11.25 0.062 0.000 0.067 0.042 0.041 
92 2.622 0.105 11.31 0.061 0.000 0.065 0.042 0.040 
93 2.625 0.101 11.21 0.060 0.000 0.062 0.041 0.039 
94 2.598 0.098 11.18 0.058 0.000 0.059 0.041 0.037 
95 2.598 0.097 11.24 0.058 0.000 0.057 0.041 0.038 
96 2.597 0.093 11.18 0.056 0.000 0.054 0.041 0.036 
97 2.624 0.092 11.28 0.055 0.000 0.053 0.041 0.035 
98 2.615 0.088 11.25 0.054 0.000 0.050 0.040 0.033 
99 2.603 0.085 11.23 0.052 0.000 0.048 0.039 0.033 

100 2.574 0.081 11.11 0.051 0.000 0.047 0.039 0.033 

Accu. Total  0.100   28.514 15.192 0.035 1.074 5.27x1013 
 
 
 
 
 
 
 
 
  
 
 
 
 

 

 
 

 

Errata for appended papers 
 
Paper II 

 
Accumulated PM emission in figure 3 is not displayed correctly. The 

correct accumulated PM can be seen the figure below. 
 

 

 

  

Paper III 
 
The particle emission factors in table 3 were calculated from the measured 

data with the particle density of 2. It should be calculated with the particle 
density of 1 in the excel sheet provided by the manufacture. The correct 
particle emission factors are presented in table Table 4.3 in section 4.2.1. 
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