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1. Abstract 

Coal continues to be a major source of energy for residential heating in some parts of the world 

due to its low price and good availability. However, only fewlittle information on emissions for 

coal combustion in small-scale appliances, in particular manually-operated stoves, is available. 
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This study investigates the emissions of gases and volatile organic compounds (VOCs) from 

brown coal briquettes (BCBs) burned in a typical Central European wood stove and compares 

them to emissions from spruce wood logs. Special emphasis was placed on the evolution of 

emissions over consecutive batches. In comparison to wood, BCBs made from Lusatian lignite 

showed higher emissions of compounds that were attributed to the decomposition of lignin, 

while emissions that were attributed to having originated from pyro-synthesis did not show 

significant differences between both fuels. Furthermore, a 20-fold higher emission factor for SO2 

was obtained from BCB combustion, which is known for its deleterious effect. AIn additional to 

a reduction in the carbon footprint, replacing BCBs with logwood as a fuel for residential heating 

might be beneficial for human health due to vast differences in SO2 emissions, whereas a 

potential effect from the reduction of organic emissions is questionable due to the rather small 

differences in organic emissions. 

 

1. Introduction 

2. Introduction 

Rising anthropogenic emissions from preindustrial to present day have significantly increased 

ambient air pollution worldwide,
1,2

, and ambient air pollution has been shown to severely affect 

human health
3,4

 and the climate.
5
. Especially, the combustion of solid fuels in households has 

been identified as a major cause of mortality in low- and medium-income countries.
6,7

 Aerosols 

from residential combustion of solid fuels are highly variable in their physical properties and the 

chemical composition, depending on the type of appliance, appliance design, combustion 

conditions, user practices, and type of fuel,
8–13

 and have shown differences in toxicological 

responses in in- vitro
14,15

 and in- vivo studies.
14

 

Residential combustion of coal in stoves and boilers, although having been phaseding out in 

many countries due to their carbon footprint, is still important for heating and cooking in some 

parts of the world, e.g., China, Poland, and the Czech Republic,
16

 and hence is still a major 

contributor to air pollution in China
17–19

 and Europe.
20–22

. Previously, most of the research on 

coal combustion was focused on emissions of particulate matter (PM)
23–30

 and VOCs
31–35

 for 

Chinese appliance-coal combinations. However, some studies have pointed out that the type of 
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coal and the type of appliance can affect overall quantities of emissions as well as their 

composition.
28,29

 Chinese households that still rely on coal, predominantly rural ones, mostly 

consume medium-rank, bituminous coals, whereas in Europe, the type of coal being consumed 

depends on the local availability of coal in the respective country.
16

 In Poland, which is the 

European country with the highest coal consumption in the residential sector, predominantly 

bituminous coals are being consumed, whereas coals of lower rank, i.e., peat and brown coal, are 

being consumed in other European countries, e.g., Ireland and the Czech Republic.
16

 As for the 

appliances, although a Chinese program for replacement of coal and biomass cooking stoves 

with other appliances (heating systems fueled with natural gas or powered with electricity) was 

generally considered effective, households that still rely on coal for heating and cooking mainly 

use traditional, highly- emitting stoves rather than “improved” stoves with moderate 

emissions.
31,36

 In Europe, there are approximately 70 million solid fuel combustion appliances,
37

, 

and to the authors’ knowledge, there is no robust information on the current state of technology 

(thermal efficiency and emitted emission levels) of stoves being installed in all of Europe. For 

Germany, a European country with a high standard of living, the German Association of 

Chimney Sweepers reports that 70% of single-room, biomass heaters have been erected after 

1995
38

 and are therefore considered rather modern by the authors. It is reasonable to assume that 

stoves being installed in other European countries are of comparable age due to a comparable 

standard of living. For a European coal burning region, that is the Moravian-Silesian region,
39

 a 

program to exchange old, highly-emitting stoves was considered successful; however, no 

information is available on how many outdated appliances may still be in use. In Poland, coal is 

burned in 70% of single-family households in coal stoves and low efficiency-boilers with many 

of the later ones being considered old and manually -operated.
40

 Stoves, in particular old ones, 

can contribute disproportionately to the local air burden due to comparably high emissions as 

well as improper operation and inefficient use of energy.
12,37,41

 Junninen et al.
20

 estimated that 

coal combustion in stoves and low-efficiency boilers accounts for 50% of the concentration of 

PM below 10  μm at a downtown site in Krakow, Poland in winter. Schnelle-Kreis et al.
42

 

analyzed semi-volatile organic compounds sampled at a downtown site in Augsburg, Germany, 

and estimated that coal combustion accounts for approximately 30% of winter PM below 

2.5  μm, although Germany had already replaced coal as a fuel for residential heating with 
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boilers and stoves with other less-polluting fuels and heating appliances. This demonstrates the 

need to investigate emissions from European appliance–-coal combinations as well. 

To the best of the authors’ knowledge, only a few studies have investigated emissions from 

residential coal combustion in Europe, and these studies have mainly focused on effects of 

different boiler designs (old vsvs. modern) and fuels (biofuels vsvs. coal) on PM emissions.
43–46

 

It was found that old boilers emit up to two orders of magnitude more PM and polycyclic 

aromatic hydrocarbons (PAHs) than modern boilers.
43

 Also, emissions factors of organic 

markers for coal combustion, such as hopanes, were found to vary by two orders of magnitude 

depending on the boiler design.
46

 Stoves generally differ from boilers due to their discontinuous 

mode of operation, leading to temporarily changing emission concentration and chemical 

composition.
8,43,47

 To our knowledge, only two studies have focused on European residential 

coal–-stove combinations. Mitchell et al.
48

 investigated emissions from a range of different fuels, 

including coal, in a residential stove and attributed emissions in specific burning phases to major 

fuel properties and combustion parameters. Lin et al.
21

 characterized PM signatures from coal 

emissions in a stove via aerosol mass spectrometry and used them to estimate the contribution of 

coal burning among other solid fuel combustion to local air pollution in Ireland. 

This study aims to determine emission factors (EFs) of gases and VOC emissions from the 

combustion of brown coal briquettes made from Lusatian lignite in a non-heat-retaining, small-

scale residential heating appliance. EFs from brown coal briquette combustion are then 

compared to EFs from the combustion of spruce logwood, which is widely -used for residential 

heating in Central and Eastern Europe, in the same stove. 

 

 

1.2. Materials and& Mmethods 

1.1.2.1. Experimental Sset-up 

1.1.1.2.1.1. Stove 

The combustion experiments were carried out with a modern, non-heat-retaining single-room 

heating appliance (Aduro 9.3, Aduro A/S, Denmark, energy efficiency class: A+), which is 

approved for installation in the European Union and Norway. According to the manufacturer, 

both wood logs and brown coal briquettes are suitable fuels. Generally, coal up to the rank of 
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brown coal can be burned in common wood stoves without hesitation. Only for burning coal of 

higher rank, e.g., bituminous coals and anthracite, stoves have to be built from heat-resistant 

steel that is able to endure the higher temperatures present during combustion of these fuels. 

Thus, the wood stove used for testing is more representative for areas of the Czech Republic and 

Hungary where brown coal is mined and still being consumed.
16

 To the authors’ knowledge 

however, there is no robust information on how well stoves that are in use are maintained or how 

old they are. Therefore, this modern stove likely represents appliances being installed in the last 

decade up to today. The appliance is equipped with three dampers, which regulate the 

combustion air. The primary air supply is only opened for a few minutes upon ignition of the 

fuel, the secondary air supply is used to regulate the energy output, and the tertiary air supply is 

used to reduce flue gas emissions. The division of combustion air supply into multiple smaller air 

supplies is commonly referred to as air staging. The effects of air staging on emissions from 

small-scale combustion appliances are discussed elsewhere.
49

 Flue gases were led from the 

firebox into the stack, which was placed below a hood. The draught from the hood was regulated 

to (12.0  ±  0.5) Pa below ambient pressure via dampers. 

1.1.2.2.1.2. Fuel Ccharacterization 

Spruce logs (Ppicea abies) and Lusatian brown coal briquettes (Rekord, Lausitz Energie 

Bergbau AG, Germany) were tested as fuels for residential heating. Both fuels were analyzed for 

their calorific properties, water content, and elemental composition by an external laboratory 

based upon international standards. The results of the analyses are provided in Table 1. 

1.1.3.2.1.3. Combustion Pprocedure 

In total, ten 10 combustion experiments consisting of six experiments with brown coal 

briquettes (BCBs) and four experiments with spruce logs (SLs) were carried out. Each 

experiment were designed to represent realistic use of both fuels during an evening session of 

four 4 hours and comprised three and five batches for BCBs and SLs, respectively. The number 

of batches and amount of fuel being burned (SL: 5 batches á<!--AQ1: The meaning of “á” here 

and throughout is unclear. Please provide alternate text. -->  2  kg; BCB 3 batches á 1.7  kg) 

differed due to inherent fuel properties, specifically the ease of ignition and the burn rate.
50

 

For the SL experiments, the combustion procedure was conducted as described by Miersch et 

al..
51

. Briefly, five consecutive batches of spruce logs were burned with a weight of 

approximately 2  kg each. The cold appliance was ignited top-down using, from bottom to top, 
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three logs á 300  g , five wood sticks á 150  g, and 150  g of small wood sticks and lasted 

35  min, whereas following batches, having consisted of three logs with a total weight of approx. 

∼2  kg, lasted 45  min each. For refueling of the stove, glowing embers were stoked and the 

primary air supply was opened prior to adding new batches. After the fifth batch was consumed, 

the remaining embers were stoked, and the secondary air supply of the appliance was closed for 

the remaining 25  min of the experiments according to the shut-down instructions of the 

manufacturer. 

For the BCB experiments, two batches of SL were burned before adding the first batch 

according to the instructions of both the manufacturer of the stove and the manufacturer of the 

BCB. This is done due to the BCB’s poor ease of ignition. After the second batch of spruce was 

consumed, three consecutive batches of BCBs were added, with each batch consisting of three 

briquettes with a weight of 0.58  kg per briquette. Before adding a new batch, the remaining 

embers were stoked each time. The first batch of BCB lasted 1  h, while the other two batches 

lasted 1  h 20  min each. Additionally, the latter two were stoked one 1 hour after they were 

added to the appliance. After the third batch was consumed, the remaining ember was stoked and 

the secondary air supply of the appliance was closed for the remaining 20  min of the 

experiments. 

1.2.2.2. Instrumentation 

All emissions were monitored for the entire combustion period, that is, from the ignition of the 

first batch until the end of the burn-off. For BCB experiments, this included both batches of SL 

that were burned prior to the briquettes. However, these two batches were not considered for the 

calculation of EFs for BCB experiments. 

1.2.1.2.2.1. Gas Aanalysis 

The bulk flue gas composition, including water (H2O), carbon dioxide (CO2), carbon 

monoxide (CO), nitrogen oxides (NOx  =  NO+NO2 as NO2 equivalents), sulfur dioxide (SO2), 

ammonia (NH3), hydrogen cyanide (HCN), and methane (CH4), wasere continuously monitored 

by a Fourier -transform infrared spectroscope (FTIR; DX4000, Gasmet Technologies Oy, 

Finland). Furthermore, organic compounds monitored by the FTIR were grouped into the 

compound classes: non-methane alkanes, unsaturated aliphatics, aromatics, carbonyls, and 

alcohols (for a list of compounds and their assignment, see Table S1). All emissions were 
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measured directly from the stack through an insulated and externally heated (180  °C) sampling 

line. 

1.2.2.2.2.2. Untargeted Aanalysis of Oorganic Fflue Ggas Cconstituents 

For the untargeted analysis of organic compounds, flue gas was isokinetically sampled from 

the stack, and transported via a heated sampling probe (180  °C) to a combined porous-tube 

ejector diluter (DAS, Venaconra Oy, Finland). The target dilution ratio was 30 in SL 

experiments, whereas a dilution ration of 60 was targeted for the initial 10  min and 30 for the 

remaining 230  min of BCB experiments. Exact dilutions were determined from the analysis of 

CO2 in the stack and after dilution. Dilution with clean compressed air prevents condensation of 

water or sulfuric acid droplets, and the exhaust gas is cooled down to room temperature. 

Primarily, the dilution was applied to lower and adapt absolute emission levels to the linear range 

of the instrument. Subsequently, diluted flue gases passed an unheated 4  m stainless steel tubing 

(ID: 1.175  mm) to the heated sampling unit (220  °C). Dilution of emissions can lead to both 

condensation of SVOCs on particles, in the case of a small dilution factor due to a reduction of 

the saturation vapor pressure, but also to evaporation of SVOCs, in case of great dilution factors 

that reduce emissions levels far below the saturation vapor pressure. Heating of the aerosol also 

shifts SVOCs condensed on particles to the gas phase due to increasing saturation vapor 

pressures. With the set-up of the sampling in the present study, the authors were aiming for 

overall EFs of VOC species. In the sampling unit, the internal standard (toluene methyl-D3, 98% 

purity; mass-to-charge ratio m/z  =  95; Cambridge Isotope Laboratories, Inc.) was constantly 

added at levels of 300 to 600 ppbv to the diluted flue gas. After each experiment, exact 

concentrations of the internal standard were determined by replacing the sample aerosol with a 

calibration gas (benzene 0.96  ppm, toluene 1.01  ppm, p-xylene 0.72  ppm, 1,2,4-trimethyl 

benzene 1.39  ppm, in: N2, Linde AG, Germany) and comparing the signal intensity of the 

internal standard C7H5D3 to that of the regular toluene C7H8 (m/z  =  92). A glass fiber filter (F-

0,1GF, M&C Tech Group, Germany) heated to 220  °C was used to remove particles and 

evaporate semi-volatile organic substances. All gaseous compounds were transported from the 

hot sampling unit to the ion source of the mass spectrometer via a 3  m stainless steel capillary 

(ID 280  μm, MXT Guard column) in heated stages of 235  °C/240  °C/245  °C to prevent back-

condensation. For this study, we define all organic compounds that were identifiable in the gas 

phase after the hot filtration to be VOCs (in the following as VOCSPI). 
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Organic gaseous compounds were analyzed by a time-of-flight mass spectrometer (TOF-MS; 

Compact Reflectron Time-of-Flight Spectrometer II, Kaesdorf Geräte für Forschung and 

Industrie, Germany) using single-photon ionization (SPI) at 118  nm (10.49  eV), which is an 

ionization technique that predominantly yields molecular ions and only little fragmentation.
52

 

Generally, all compounds having an ionization energy below the photon energy of 10.49  eV can 

be ionized, but there are considerable differences in ionization efficiencies between compound 

classes.
53

 Vacuum- ultra-violet radiation used for ionization was produced by frequency tripling 

of the third harmonic of a pulsed Nd:YAG laser (Spitlight 400, Innolas GmbH, Krailling, 

Germany; 40  mJ at 355  nm, pulse duration: 5–-7  ns, 20  Hz) in a gas cell filled with 4  mbar of 

xenon. Ions were in turn extracted by a delayed electric field, transported to the mass analyzer, 

and detected at a micro channel plate (MCP, Chevron plate, Burle Electro-Optics Inc.). 

1.3.2.3. Data Ppreprocessing and Aanalysis 

Prior to data evaluation, signals in the mass spectra obtained from the SPI-TOFMS were 

corrected with a blank measurement of nitrogen (purity of 99.5 %, total hydrocarbon <200  ppb; 

Linde AG). Subsequently, intensities, which were merged to unit mass resolution, were 

processed with a Savitzky-–Golay filter with a polynomial order of five and a frame length of 

nine. All signals were individually converted from voltages to concentrations by normalizing 

them to the signal of the internal standard (D3-toluene). Individual m/z values were corrected for 

their relative photo ionization cross sections to toluene, as described by Adam et al.
53

. 

Subsequently, the signals were corrected for their dilution and flue gas moisture. EFs were 

calculated as described by Reda et al..
54

. 

For statistical analysis, the Matlab® Statistical Toolbox (R2019b, The MathWorks Inc., 

Massachusetts, USA) was used. When performing statistical tests, p- values were considered 

significant at a level below 0.05, if not stated otherwise. In addition, tests on statistical difference 

of two means wasere carried out with a two-sample t- test for unequal variances. Results are 

reported as average EF  ±  standard deviation. 

2.3. Results 

2.1.3.1. Evolution of Ggases and VOCs during the Ccombustion 

Eexperiments 
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Wood combustion in small-scale heating appliances hasve been shown to pass through three 

distinct burning phases: (1) “‘ignition”’, (2) “‘stable combustion”’, and (3) “‘ember”’.
10,11

 

Previous research has derived the burning phases from emissions profiles of bulk carbonaceous 

species, such as CO2, CO, and organic gaseous carbon from a flame ionization detector (FID). 

Thus, these parameters are used to point out differences in the combustion behaviors of SL and 

BCBs (Figure 1). Instead of the FID, we used the sum of concentrations determined from the 

SPI-TOFMS measurements to describe the evolution of organic constituents. Due the steel 

tubing between the dilutor and the sampling unit being cold, only organic emission profiles from 

m/z 40 (propyne/allene; smallest organic compound monitored with SPI-TOFMS with 118  nm 

VUV photons) to m/z 92 (toluene) were used to describe the combustion behavior and labeled 

VOCSPI,40-92. Signals with higher m/z originate from higher molecular compounds, which showed 

a noticeable carry-over effect due to condensation in the steel tubing. Average intensities over 

4  h and individual batches were considered for the m/z range up to m/z 202.Generally, trends of 

gases and VOCs were very similar in both solid fuels. The “‘ignition”’ phase is characterized by 

rapidly increasing emissions of CO2 and peaking emissions of incomplete combustion products, 

such as CO, CH4, and VOCSPI,40-92. Subsequently, the fuel transits to a “‘stable combustion”’ 

phase with lower emissions of incomplete combustion products compared to “‘ignition”’. In 

BCB experiments, CO2 emissions often exhibited maxima during this phase, whereas in SL 

experiments, CO2 emissions continuously decreased from the beginning until the end of a batch. 

One apparent difference between both fuels was a higher emission of incomplete combustion 

products in BCB than in SL experiments during this phase, which might be a result of the poorer 

ease of ignition of BCBs. In SL experiments, rapidly declining emissions of CO2 and gradual 

increases of CO and CH4 mark the transition from the “‘stable combustion”’ to the “‘ember”’ 

phase, which is known for char oxidation. In BCB experiments, CO2 emissions fell evenly until 

the end of the batch, and higher emissions of CO and CH4 throughout the “‘stable combustion”’ 

phase does not give a clear indication of the transition to the “‘ember”’ phase. For the final 

30  min of the combustion experiments, the secondary air supply was completely shut, and SL 

showed considerable increases of CO. In BCB experiments however, emissions increased more 

gradually and CO emission could possibly be higher after the experiment was terminated. 

Similar to other inorganic gases (Figure 2), emissions of NOx exhibited a concave emission 

profile with an increaseing at the beginning and a declineing at the end of a batch. Interestingly, 
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both fuels emitted NOx at similar levels, although the fuel-N in BCB was approximately seven 

times higher. However, BCBs emitted significantly higher levels of NH3, HCN, and SO2. In SL 

experiments, emissions of NH3 and SO2 were barely noticeable, and HCN showed only small 

peaks upon adding of a batch. In BCB experiments, NH3 showed an emission profile similar to 

CO with peaks at the beginning and gradual increases at the end, and HCN and NH3 showed a 

profile similar to CO2. 

2.2.3.2. Effect of Eease of Iignition on Oorganic Eemissions 

As addressed in the previous section, organic emissions occur predominantly during the 

ignition of an individual batch. The poorer ease of ignition, likely due to lesser content of volatile 

matter in coal (55% for the Lusatian lignite
55

) than in wood (≈∼80%
50

), was expected to lead to 

enhanced organic emission upon ignition. The ignition is usually associated with poorer 

combustion efficiency and hence high CO emissions. The modified combustion efficiency 

(MCE), which is an indicator for the efficiency of combustion, is calculated according to eq (1) 

and can be used to estimate the time a batch needsed to ignite properly. Here, [CO2] refers to the 

concentration of CO2 in the exhaust gas and [CO2  +  CO] refers to the sum of concentrations of 

CO2 and CO. We defined the ignition time as the time between adding of a batch and the point 

when proper combustion (MCE  =  0.975) conditions after the global MCE minimum was 

reached (Figure 3 top). Due to the small wood pieces used for ignition of the first SL batch, the 

MCE was generally at high levels and the estimation of the ignition time by the method the 

authors proposed failed. These batches are therefore being omitted in the following. 

    
     

         
 (1) 

Generally, positive correlation (Pearson’s r  =  0.63, p  =  1.9 × 10E-
–5

) between ignition times 

and VOCSPI of individual batches for all experiments can be observed (Figure 3, bottom). 

Ignition times of BCBs are found to be four times longer (p  =  1.6 × 10
–E-04

) with an ignition 

time of approx. ∼16  min  ±  9  min, and organic emissions of BCBs were estimated to be on 

average two times higher (p  =  2.3 × 10E-
–2

). For SL batches, the positive correlation is stronger 

than for all of our experiments (r  =  0.89, p  =  7.6E- × 10
–6

) since the majority of organic 

compounds was emitted directly upon adding of a batch. In BCB experiments however, the 

correlation was weaker (r  =  0.46) and not significant (p  =  0.13), which could be a result of 

higher emissions of VOCSPI throughout an individual batch of BCBs. 
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2.3.3.3. 4 -h EF from Llignite and Sspruce Llogwood Ccombustion 

Prior to calculating EF for individual VOCs, mass spectra were normalized to the intensity of 

the internal standard, corrected for their individual dilution and flue gas moisture, and afterwards 

averaged over the entire 4  h combustion cycle. Figure 4 shows two exemplary spectra from both 

types of experiments averaged over the entire 4  h combustion cycle. In both spectra, intensities 

in the lower m/z range from 40 to 86 mostly appeared as groups of triplets or quartets with m/z 

intervals of 6 to 10 between each group. The amount of possible sum formulae for each signal 

shrinks down to a reasonable number when considering the an ionization threshold of 10.49  eV, 

ionization cross sections,
53

, and general abundancies of VOC in wood combustion emissions and 

assuming that the vast majority of the organic aerosol consists of carbon, oxygen, and hydrogen. 

Peaks with the lowest m/z within each multiplet cannot have chemically reasonable sum 

formulae with oxygen and therefore represent polyunsaturated aliphatic hydrocarbons, e.g., 

propadiene/propyne (m/z 40), vinyl acetylene (m/z 52), and cyclopentadiene (m/z 66). Signals 

with higher m/z within each triplets or quartets can be assigned to reasonable sum formulae 

containing oxygen, e.g,. acetaldehyde (m/z 44), acrolein/butene (m/z 56), or acetone/propanal 

(m/z 58). In the higher m/z range, signals that likely arise from mono- and polycyclic aromatic 

species, such as benzene (m/z 78), toluene (m/z 92), styrene (m/z 104), xylene (m/z 106), and 

naphthalene (m/z 128) as well as phenolic species, e.g., phenol (m/z 94) and methyl phenol (m/z 

108), can be observed. 

Spectra from SL experiments (Figure 4a) were characterized by large signals of parent 

aromatic and polycyclic aromatic hydrocarbons, i.e., benzene and naphthalene, while carbonyls, 

aliphatics, and other aromatic species are comparably low. As for the multiplets in the smaller 

m/z range, the signal intensities appear to decrease from groups with smaller to larger m/z. 

Within each of these multiplets, the signal with the smallest m/z, attributed to emissions of 

polyunsaturated aliphatic hydrocarbons with multiple double bonds or triple bonds, wasere much 

more intense than the others. 

In the BCB experiments (Figure 4b), mass spectra were more complex and not dominated by a 

few abundant compounds, such as benzene and naphthalene. Although both of these were still 

two of the most abundant species, they were clearly not as prominent as they were in SL 

experiments. Instead, smaller VOCs, e.g., with three and four carbon atoms, were distinctly more 
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prominent reaching concentration levels similar to that of benzene in BCB experiments. Within 

these multiplets, signals with the smallest m/z were not dominating, but instead monounsaturated 

hydrocarbons and carbonyls, e.g., propene (m/z 42), acetaldehyde (m/z 44), acrolein/butene (m/z 

56), and acetone/propanal (m/z 58), were the most abundant species. In the higher m/z range, 

substituted benzenes as well as unsubstituted and substituted phenolic species were more 

abundant than in SL experiments. 

Eventually, EFs for the 5 bulk inorganic combustion gases (CO, NOx, SO2, NH3, and HCN), 

CH4, the 5five organic compound classes monitored with the FTIR (the reader is referred to 

Table S1 in the Ssupplementary material Information for a list of targeted compounds and their 

assignment to the compound classes), and 10 selected VOCs monitored with the SPI-TOF-MS 

were calculated according to the Finnish Standard Association method SFS 5624 as described by 

Reda et al.
54

 and are presented in Table 2. The VOCs monitored with the SPI-TOFMS were 

selected due to the availability of photoionization cross sections.
10

 

3.4. Discussion 

3.1.4.1. Conversion of Ffuel-N and Ffuel-S 

3.1.1.4.1.1. Fuel-N 

The conversion of fuel-N hasve been intensively studied in the past for both the combustion of 

coal and biomass.
56,57

 Generally, NOx is formed by three major mechanisms: (1) thermal, (2) 

prompt, and (3) fuel-N conversion, with the former two being negligible due to relatively low 

temperatures for the combustion of wood and low-rank coals in small-scale appliances. 

Processes involved in fuel-N conversion are the primary devolatilization of the fuel into 

incondensable gases, tar, and char, and the secondary devolatilization of tar and char into 

incondensable gases. Incondensable N-containing gases are intermediates, such as HCN and NHi 

radicals (i  =  0–-3), as well as NOx. If O2 is available, intermediates can be oxidized to NO, 

whereas they can also interact and reduce NO to molecular N2 if O2 is lacking.
58

 Because of the 

high correlation of NOx emissions to fuel-N, NOx EFs (Table 2) were converted to a mg kg
−-1

 by 

division with the respective heating value (Table 1). 

Comparing NOx EFs from those in the literature, EFs from SL experiments in this study were 

almost identical to the EFs reported in an earlier study with the same stove but another lot of 

SL
51

 as well as similar to other wood combustion experiments with comparable fuel-N.
59,60
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Generally, the experiments are on the lower side of NOx emissions when also considering 

biomass combustion experiments with higher fuel-N.
8,10,61,62

 To the authors’ knowledge, EFs of 

intermediates, such as HCN and NH3, were reported less frequently in recent studies for biomass 

combustion in small-scale combustion appliances. In previous work with the same appliance and 

SL,
51

 EF for both HCN and NH3 were approx. ∼three3-times higher, although the fuel-N content 

was much lower than in this study. 

For residential coal combustion, information on emissions from stoves relevant for European 

emission scenarios is scarce, since most of the research was focused on boilers,
43,45,46

, which are 

generally larger and might have more efficient NOx reduction due to operational/technological 

aspects.
56

 To the authors’ knowledge, NOx EFs for coal combustion in stoves relevant for Europe 

were only reported for coal briquettes from various coals by Mitchell et al.
48

 varying from 

204  mg  MJ
−-1

 to 438  mg  MJ
−-1

, which are clearly higher than any of the other EFs found for 

biomass. This can mostly be explained by the fuel-N content in their fuels, which was 2.5 times 

as high as fuel-N in the BCB. The same appliance was tested later by Mitchell et al.
61

 with 

biomass and resulted in NOx EFs comparable to the literature cited before. As for NH3 and HCN, 

no information was reported for European small-scale appliances to the authors’ knowledge. For 

the combustion of coal in a traditional Chinese appliances, EFs of NH3 were reported to be 

36.5  mg  MJ
−-1

, while an advanced heating stove emitted 4.8  mg  MJ
−-1

, which is in line with 

the EFs found here.
63

 

Surprisingly, NOx EFs from BCBs were only approx. ∼20% higher than EFs from SL, 

although BCBs have a seven times higher fuel-N content. To compare NOx emissions from 

BCBs to emissions from other biomass with similar fuel-N, EFs as well as the release of fuel-N 

as N in NOx wereas calculated according to eq (2) for EF from this study, which were previously 

converted to g kg
−-1

, and for other work cited before. Here,  FNO 
refers the fraction of N in the 

fuel released as NOx in percent, EFNO , N
 is the EF for N in NOx on a g kg

−-1
 fuel basis, and fuel-

N is on a g kg
−-1

 basis. Furthermore, EFs of NOx from the literature for biomass combustion 

were subjected to orthogonal regression and non-simultaneous, observational prediction bounds 

(95% interval; Figure 5) were calculated to give information about the predictability of 

observations made in this study from literature observations. Similar to EFs from the literature 

and observations in this study, the regression and prediction bounds were converted to  FNO 
 

according to eq (2). Previous studies have already reported a linear correlation of fuel-N and 
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NOx-N,
61,64

 which was also found (Pearson’s r  =  0.92) within the range of biomasses and fuel-

N used for this analysis 

     
 

     - 

       
     (2) 

According NOx EFs and  FNO 
 (Figure 5), observations for NOx EFs and  FNO 

 from SL 

experiments can be predicted with literature observations, whereas observations from BCB were 

outside of the 95 % non-simultaneous, observational prediction bounds of the model, which 

indicates that there might be a different fate for fuel-N than NOx in BCBs. Differences in the 

chemical constitution of fuel-N in biomass and coal, and the retention of N in char could play an 

important role. In both biomass and coal, fuel-N appears in different chemical moieties, and 

hence fuel-N is often reduced to its binding situation, i.e., whether N is bound as amino functions 

in proteins or as N is bound in heterocyclic structures (e.g., pyrrole or pyridine).
57,65

 The 

difference between both fuels is that, in biomass, N is mainly found in proteins (85%) and free-

amino acids, whereas, in coal, heterocyclic, nitrogen-containing five-membered ring and six-

membered ring moieties, which might convert to more refractory structures and accumulate in 

char during combustion, are dominant. However, previous research has shown that fuel-N does 

not accumulate in the char during pyrolysis, and therefore the retention of fuel-N in the residual 

char is not a major sink for fuel-N in Lusatian lignites.
55

 Also, fuel-N is not emitted in 

considerable amounts as oxidation intermediates. Emissions of HCN and NH3 are usually one 

order of magnitude lower than NOx and accounted for approximately 1.8% and 0.8% of fuel-N 

for both BCB and SL, respectively. No statistical differences between both fuels were found for 

the release fractions for HCN and NH3, respectively. Another plausible sink is the reduction of 

NOx to N2, which is known to occur in the primary combustion zone of solid fuel boilers
66,67

 and 

likely plays a role in the stove as well although the conditions are not optimized for NOx 

reduction due to the batch-wise combustion. Feldmeier et al.
67

 reported that the influence of the 

appliance, in their case boilers, is greater for higher than for lower fuel-N, which could explain 

why the SLs with low fuel-N were predictable from literature observations, whereas NOx EFs 

from BCBs cannot be predicted. Also, catalytic effects of mineral matter, e.g., by iron in coal, 

may contribute to conversion of NOx to N2.
68

 Thus, we cannot fully attribute the relatively low 

NOx emissions to the stove or the BCBs. 

3.1.2.4.1.2. Fuel-S 
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S-containing emissions clearly originates from the S bound in the fuel in both coal and 

biomass.
69

 EFs in the literature vary largely,
64,70,71

, and EFs found in the present study agree with 

earlier findings. For coal combustion in European appliances, Czaplicka et al.
45

 reported EFs of 

approximately 190  mg  MJ
−-1

, being approximately twice as high as EFs found here with 

100  ±  10  mg  MJ
−-1

, although the fuel-S content was comparable. Křůmal et al.
46

 reported EFs 

of 143  mg  MJ
−-1

 to 658  mg  MJ
−-1

 for various coals and coal briquettes, with EFs of their 

brown coal briquettes being most comparable to EFs found in the present study. Lamberg et al.
64

 

also found almost identical SO2 emissions for small-scale combustion of peat with a comparable 

fuel-S content of 8 and 12  mg  kg
−-1

. The Chinese coal-–stove combination, for which more 

information is available, hasve generally lower EFs of SO2 than the European ones, which is 

likely due to minerals added to their coal during briquetting.
72

 Calculating the release of S as SO2 

with the same approach as for NOx in eq (2), we find average release fractions of 31  ±  6% and 

14  ±  1% for SLs and BCBs, respectively. These findings indicate that the majority of S might 

be released into the gas phase as sulfates in PM or still be bound in the bottom ash. However, 

these two possible fates for S cannot be ruled out with the analysis conducted in this study. 

3.2.4.2. Comparison of Eemission Ffactors from 4  h of Bburning of 

Sspruce Llogs and Bbrown Ccoal Bbriquettes 

3.2.1.4.2.1. Bulk Fflue Ggases 

CO and CH4 are important indicators for incomplete combustion conditions, and CO was 

already used to evaluate ignition times via the MCE. Comparing EFs from SL experiments with 

the literature, the average EF for CO of 1001  ±  168  mg  MJ
−-1

 was lower than in previous work 

using SL in the same stove (2040  ±  420  mg  MJ
−-1

)
51

 and lower than EFs from other batchwise-

operating, small-scale appliances.
8,43,49,51,59,73

 EFs for CH4 with 28.3  ±  6.7  mg  MJ
−-1

, however, 

were comparable to previous work with the same stove (26.3  ±  3.7  mg  MJ
−-1

)
51

 and by 

approximately a factor of 4 lower than those of conventional masonry heaters.
49,62

 Furthermore, 

CO concentrations are well below the limit value of 3  g  MJ
−-1

 (converted from the limit value 

of 4  g  m
−-3

 at 13% O2 using the conversion factor reported in Table 2) for single-room heating 

appliances documented in the German Federal Immision Control Act (1. BImSchV). The 

difference to previous experiment indicates that there might be a difference in fuel properties, 

e.g., fuel moisture, which was 2% lower in the present study than in the previous experiments, 
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possibly leading to a fast ignition and hence low emissions. However due to emissions still being 

in line with mean CO EFs of 784  mg  MJ
−-1

 reported by the manufacturer for BCBs, we consider 

the tested stove representative for modern Central European appliances. 

For coal combustion, information on combustion in European households is mostly limited to 

boilers,
43,45,46

 which differ from stoves due to their continuous mode of operation. Stove 

emissions on the other hand are much more dynamic due to constantly changing fuel properties, 

temperature, and λ and are therefore harder to optimize. Nevertheless, CO EFs are three times 

lower than what was found previously for old boilers under nominal load in steady-state 

operation.
43

 Modern boilers on the other hand usually emit by a factor of three up to one order of 

magnitude less CO under nominal load than the stove in the present study.
43,45

 At a reduced- 

load, which is more representative for operation in households, old boilers emit up to one order 

of magnitude more CO than the stove in the present study, whereas modern boilers still emit CO 

by a factor of three to seven less.
46

 For coal combustion in manually -operated small-scale 

appliances, the only information available is reported by Mitchel et al.
48

 with EFs varying from 

6.0 to 11.1  mg  MJ
−-1

 for coal briquettes made from various coals. Information on different 

Chinese coal-–stove combinations, which might differ from European emission scenarios due to 

differences in the type of coal and the appliance design, is readily available.
23,32,72

 CO and CH4 

EFs vary largely from 1 400 to 7 500  mg  MJ
−-1

 and 0.8 to 480  mg  MJ
−-1

 for different coal-–

stove combinations, respectively.
72

 Therefore, results of the present study of 1 

450  ±  180  mg  MJ
−-1

 for CO and 30  ±  6  mg  MJ
−-1

 for CH4 are on the lower side of stove-–

coal combinations tested before. Furthermore, CO values are also well below the limit value of 

3  g  MJ
−-1

 (converted from limit value of 4  g  m
−-3

 at 13% O2 using the conversion factor 

reported in Table 2) of 1. BImSchV (German Federal Immision Control Act). In fact, the present 

experiments are very well in line with the procedure defined by DIN EN 

13240:2001  +  A2:2004 (D) requiring at least two batches with a combustion period of at least 

1  h and a weight of 1.4  kg per batch. 

Comparing emissions of BCB and SL obtained in this study, EFs of CO were significantly 

different between both fuels, whereas CH4 EFs from both fuels were not significantly different. 

Interestingly, CO EFs from BCB are lower than most of the EFs reported in the literature for 

wood, which suggests that the efficiency of the combustion is comparable to wood combustion. 

However, one of the reasons why CO emissions are comparably low in BCB in comparison to 
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SL experiments are the relatively low emissions during burn-off when the secondary air supply 

was completely shut (Figure 1). Here, CO emissions increase tremendously in SL, whereas 

emissions of BCBs increase more slowly, which could be due to a lower burn rate and thus a 

lower rate of char oxidation. As the burn-off is an important phase for CO emissions,
10

 CO 

emissions from BCBs might be underestimated due to premature termination of the combustion 

experiment. Differences in overall MCEs from both fuels are very small with an average of 

0.976 and 0.966 for SL and BCB, respectively. Differences in MCEs when the burn-off phase 

was omitted in data integration were slightly higher but still comparable with 0.985 and 0.966 for 

SL and BCB, respectively. Regarding CH4 emissions, it is surprising that EFs were comparable 

when considering the differences in fuel properties. The poorer ease of ignition due to lesser 

content of volatile matter in coal (55% for the Lusatian lignite
55

) than in wood (≈∼80%
50

) was 

expected to lead to enhanced CH4 emission upon ignition. Nevertheless, the difference between 

both fuels is not significant. 

3.2.2.4.2.2. Individual VOCs 

Combustion processes are a combination of different chemical and physical processes, e.g., 

distillation, pyrolysis, and oxidation.
74,75

 Especially, pyrolysis as a major decomposition path for 

the macromolecular network in the fuel has been intensively studied in the past.
76,77

 It was shown 

that the fuel composition, in the case of wood cellulose, hemicellulose and lignin, are is the 

major parameters for the composition of VOCs emitted upon combustion. Coal originates from 

biomass and is altered by physical and chemical processes over periods of up to several hundred 

million years. Due to heat and pressure during coalification, the coal loses moisture and volatile 

matter, i.e., sidechains in lignin monomers, and increases in aromaticity and fixed carbon.
78

 

Thus, coal properties depend on both the type of biomass it was formed from and the degree of 

coalification. The coal from the Lusatian mining area is thermally immature (lignite) and formed 

from a slight dominance of arborescent biomass<!--AQ2: Please check if the addition of 

“biomass” here is appropriate. -->  over reed-mire vegetation in a predominantly terrestrial 

environment.
79

 Currently exploited lignite deposits in Poland
80

 and the Czech Republic
81

 have 

formed under similar low-lying mire environments from predominantly arborescent biomass, and 

therefore we conclude that the coal from the Lusatian mining area is likely representative for 

other Central and Eastern European lignite deposits as well. 
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The comparison of EFs from both fuels is visualized in a volcano plot (Figure 6). Differences 

between fuels in gaseous emissions were already discussed, and therefore this section will focus 

on organic compound classes monitored by the FTIR spectroscope and on the individual VOCs 

detected with SPI-TOFMS. The analysis of organic flue gas constituents with the FTIR 

spectroscope did not reveal apparent differences between both fuels. BCBs emitted slightly more 

non-methane alkanes and aromatics than SLs, whereas the EFs of carbonyls, alcohols, and 

unsaturated aliphatics were not significantly different. Differences between both fuels were more 

apparent in mass spectra from SPI-TOFMS (Figure 4). As already described in a previous 

section, BCB emitted more, smaller hydrocarbons and carbonyls as well as substituted benzenes 

and PAHs, which are known decomposition products of wood and lignite.
82

 Interestingly, 

benzene, naphthalene, vinyl acetylene, and styrene did not show significant differences between 

both fuels. Previous work found that emissions of benzene emissions from residential wood 

combustion are less increased than early incomplete combustion products of wood polymers, like 

cellulose, hemicellulose, and lignin, when the ignition occurs slowly.
10

 It seems likely that these 

compounds are less sensitive to the ease of ignition due to similar formation pathways, i.e., pyro 

synthesis in flames.
83

 In a previous section, we already associated the slower ignition of BCBs 

with greater amounts of VOCs (Figure 3). Thus, this suggests that emissions from BCBs are 

mainly characterized by higher emissions of organic compounds with petrogenic origin, while 

VOCs with pyrogenic origins show no significant differences. Effects of other flue gas 

constituents like SO2 in BCB experiments might play an important role for the formation of 

pyrolytic compounds as well, since SO2 was shown to substantially reduce PAH emissions,
84

, 

which could be a result of an oxidizing effect of SO2 on PAHs or their gaseous precursors. 

Differences between emissions of different batches, which were observed for a heat-retaining 

stove with a massive-soapstone structure in previous research,
10

 were negligible for both fuels, as 

indicated by Figure 3. A comparison of EFs from both fuels under hot-start conditions, i.e., EFs 

averaged from batch 3 to burn-off in SL experiments and batch 1 to burn-off, did not reveal 

apparent differences to the comparison of the entire combustion experiments and is therefore not 

shown. 

4.5. Conclusions 

This study demonstrates that BCBs made from low-rank, German coal have a similar emission 

behavior to SLs, which is a commonly- used fuel in Central Europe. The differences between 
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overall emissions of major combustion gases, CO and CH4, were negligible in the present 

experiments. Surprisingly, NOx was emitted only 20% higher from BCB experiments despite the 

seven times higher fuel-N content, and we believe that the stove design may be responsible for 

relatively low NOx emissions from BCBs. The most striking differences between emissions from 

both fuels were 20-fold higher SO2 emissions, which was not surprising due to the 50-fold higher 

fuel-S content in BCBs. Organic emissions monitored with an FTIR spectroscope and SPI-

TOFMS were predominantly emitted upon adding of a new batch from both fuels. Slightly 

higher emissions of organic compounds from BCB were attributed to their poorer ease of 

ignition and thus longer times to reach combustion conditions with moderate emissions. Overall, 

organic emission of BCBs had a higher proportion of compounds with petrogenic emissions, 

whereas compounds that are likely formed in flames, i.e., highly unsaturated compounds, did not 

show significant differences. On average, the ignition of BCBs was estimated to take four times 

longer than the ignition of SLs, which was proposed to be the reason for higher emission of 

organic incomplete combustion products with petrogenic origin. Our results imply that a 

reduction in emissions can be achieved by choosing fuels that ignite faster, i.e., fuels with more 

volatile matter. 

Future research should focus on the physical and chemical characterization of particles being 

emitted from coal combustion. Furthermore, emissions induced by maloperation of stoves is also 

of big interest because the authors believe that overall emission levels from coal burning are 

highly sensitive to bad user practices due to the poor ease of ignition. Since the stove tested in 

this study is a rather modern appliance with comparably low emissions, future research should 

also investigate emissions from older appliances that may still be installed in most parts of 

Europe. 
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logs briquette 

moisture content % (w/w)  DIN EN ISO 

18134-

2:2017-05 

6.9 DIN 51718: 2002-06 14.4 

lower heating value MJ  kg
–-1 ,a

 DIN EN ISO 

18125:2017-

08 

19.4 DIN 51900-1: 2004-

02 
24.0 

ash content  g  kg
–-1 ,a

 DIN EN ISO 

18122:2016-

03 

7
 DIN 51719: 1997-07 68

 

carbon g  kg
–-1 ,a

 DIN EN ISO 

16948:2015-

09 

511 DIN 51732: 2014-07 635 

hydrogen  g  kg
–-1 ,a

 DIN EN ISO 

16948:2015-

09 

61 DIN 51732: 2014-07 48 

oxygen g  kg
–-1 ,a

 DIN EN ISO 

16993:2016-

11 

420 DIN 51733: 2016-04 234 

nitrogen g  kg
–-1 ,a

 DIN EN ISO 

16948:2015–-

09 

1.0 DIN 51732: 2014-07 6.8 

sulfur g  kg
–-1 ,a

 DIN EN ISO 

16994:2016-

12 

0.15 DIN 51724-3: 2012-

07 
7 

chlorine mg  kg
–-1 ,a DIN EN ISO 

16994:2016-

12 

<50 DIN 51727: 2011-11 240 

potassium mg  kg
–-1 ,a DIN EN ISO 

11885 (E22): 

2009-09 

0.73 DIN EN ISO 11885 

(E22): 2009-09 
0.34 

sodium mg  kg
–-1 ,a

 DIN EN ISO 

11885 (E22): 

2009-09 

0.05 DIN EN ISO 11885 

(E22): 2009-09 
0.61 

calcium mg  kg
–-1 ,a

 DIN EN ISO 

11885 (E22): 

2009-09 

2.73 DIN EN ISO 11885 

(E22): 2009-09 
13.9 

silicon mg  kg
–-1

,
 a
 DIN EN ISO 

11885 (E22): 

2009-09 

0.11 DIN EN ISO 11885 

(E22): 2009-09 
13.2 
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iron mg  kg
–-1 ,a

 DIN EN ISO 

11885 (E22): 

2009-09 

0.028 DIN EN ISO 11885 

(E22): 2009-09 
13.9 

a
 dDry basis 

 

Table 2. EFs of Iinorganic Ggases Eevolving during Ccombustion (CO, NOx, SO2, NH3, HCN) 

Aas Wwell as Tten Ssingle VOC in Mmg/MJ (Ddry Bbasis). 
a
EFs from both fuels were tested 

for statistical difference in their means by using the t-test for unequal variances (α  =  0.05). 

Significant differences of means are indicated by a bold font style. 

Exp. SL1 SL2 SL3 SL4 BCB1 BCB2 BCB3 BCB4 BCB5 BCB6 
–-

log10(p) 

CO 1110 757 1109 1028 1236 1470 1776 1365 1354 1498 2.3 

NOx 40 34 32 33 41 37 44 38 45 40 1.5 

SO2 5 5 7 4 93 102 106 96 87 112 5.9 

NH3 1.16 0.60 1.11 0.70 3.04 2.78 3.92 2.60 2.93 3.18 4.9 

HCN 1.00 0.43 0.35 0.55 4.10 1.69 2.20 1.86 3.46 1.85 2.4 

CH4 38 25 25 25 19 29 37 29 31 37 0.2 

N-M Alk 9.5 5.5 7.1 6.7 10 12 25 18 33 35 1.8 

Uns. Al.  29 22 19 17 28 29 43 20 31 47 1.3 

Arom. 21 20 14 16 19 26 34 20 35 36 1.8 

Alc. 2.7 2.2 2.3 1.6 2.4 1.7 2.7 0.8 1.3 3.6 0.1 

Carb. 7.9 6.3 6.5 4.3 7.9 6.0 8.8 2.5 4.6 9.9 0.1 

MCE 0.97 0.98 0.97 0.98 0.97 0.97 0.96 0.97 0.97 0.96 2.1 

PRP 1.32 0.45 0.58 0.34 6.13 4.55 8.03 2.70 5.66 10.60 2.4 

AA 2.57 0.82 0.60 0.63 4.46 3.91 5.61 2.33 2.93 9.75 1.9 

VAC 0.23 0.16 0.17 0.12 0.19 0.08 0.20 0.03 0.06 0.23 0.4 

BTD 0.45 0.16 0.17 0.11 1.35 0.78 1.45 0.34 0.91 1.94 2.0 
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BENZ 6.44 5.44 5.66 3.76 4.63 3.76 4.95 1.29 2.27 5.18 1.0 

TOL 0.79 0.57 0.53 0.34 1.70 1.34 2.25 0.81 1.41 2.55 2.2 

STYR 0.29 0.25 0.25 0.15 0.43 0.28 0.43 0.12 0.27 0.56 0.8 

IND 0.06 b.d.l. 0.01 b.d.l. 0.19 0.13 0.27 0.08 0.13 0.42 2.0 

NAP 2.27 1.81 1.92 1.34 1.54 1.15 1.76 0.53 0.77 2.18 0.8 

MNAP 0.13 0.09 0.09 0.06 0.27 0.18 0.26 0.09 0.13 0.45 1.3 

a
EFs from both fuels were tested for statistical difference in their means by using the t test for 

unequal variances (α = 0.05). Significant differences of means are indicated by a bold font style. 

Conversion factor: 1.33 MJ m
−3

 (13% O2). Abbreviations: NOx  =  NO + NO2 as NO2 

equivalents; N-M Alk  =  non-methane alkanes; Uns. Aliph. = unsaturated aliphatics; Alc. = 

alcohols; carb. = carbonyls; PRP  =  propene; AA  =  acetaldehyde; VAC  =  vinyl acetylene; 

BTD  =  butadiene; BENZ  =  benzene; TOL  =  toluene; STYR  =  styrene; IND  =  indene; 

NAP  =  naphthalene; MNAP  =  methyl naphthalene; MCE  =  modified combustion efficiency; 

“‘b.d.l.’”  =  below detection limit. 

Conversion factor: 1.33  MJ  m
−-3

 (13% O2). 

 

 

Figure 1. Examples for emission profiles of CO22 (both black), CH44 and CO (red), and volatile 

organic compounds detected with the SPI-TOFMS (VOCSPI,40-92,; blue; refer to the sum of all 

compounds with even m/z from 40 to 92 as toluene equivalents) for a representative spruce log 

(a) and brown coal briquette experiment (b). 

 

 

Figure 2. Examples of emission profiles of NOx (black), HCN and NH3 (red, dashed and solid 

lines), and SO2 (blue) for a typical spruce experiment (a) and a typical brown coal experiment 

(b). 
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Figure 3. Determination of the time needed to ignite an individual batch of BCBs via the 

modified combustion efficiency (MCE) (top). Correlation of ignition times for individual batches 

both for spruce logs (SL) and brown coal briquettes (BCB) with overall quantities of organic 

emissions (as toluene equivalents) determined with the untargeted SPI-TOFMS for individual 

batches (bottom). The first batch of SL experiments was not taken into account. 

 

 

Figure 4. 4  h examples for average mass spectra of a spruce log experiment (a) and a brown coal 

briquette experiment (b). Please note that the spectra were standardized to the internal standard 

D3-toluene, and concentrations of individual VOCs may be obtained from their relative 

photoionization cross (PICS). 

 

 

 

Figure 5. NOx emission factors (a) and the release fraction of fuel-N as N in NOx (b) as a 

function of the fuel-N content for this study (red) and the literature (black). The regression model 

was created by subjecting NOx EFs and fuel-N from the literature to orthogonal regression. 

 

 

Figure 6. Volcano plot for the comparison of EFs (energy basis) of inorganic bulk gases 

quantified by FTIR and ten 10 individual VOCs quantified by SPI-TOFMS. p- values were 

calculated with a t- test for unequal variances. Different levels of significance are indicated by 

horizontal lines, and different fold-changes are indicated by vertical lines for better orientation. 

Abbreviations: N-M Alk  =  non-methane alkanes; UA  =  unsaturated aliphatics; Alc. = 

alcohols; carb. = carbonyls; PRP  =  propene; AA  =  acetaldehyde; VAC  =  vinyl acetylene; 

BTD  =  butadiene; BENZ  =  benzene; TOL  =  toluene; STYR  =  styrene; IND  =  indene; 

NAP  =  naphthalene; MNAP  =  methyl naphthalene. 
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