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Abstract 15 

Residential wood burning (RWB) has become an increasingly significant source of carbonaceous aerosols (CAs) 

in the UK and worldwide. Black Carbon (BC) and Organic Aerosol (OA) fractions of CAs are of particular 

concern due to their impacts on climate and human health. Measuring the mixing state of CA is important as the 

mixing state can influence key aerosol properties including light absorption, hygroscopicity, cloud scavenging, 

atmospheric lifetime, and toxicity. While emissions and mixing states from traditional stoves have been 20 

previously reported and characterized, key uncertainties remain in the influence of user behaviour on emissions 

and the emission characteristics from the modern ‘Ecodesign’ appliances. Recent emissions tests imply that 

these can emit more pollutants such as polycyclic aromatic hydrocarbons (PAHs) and BC under certain 

circumstances and here we utilise online instrumentation to probe the mechanisms behind this and whether user 

behaviour has a role in impacting emissions. Hardwood logs were burned in a controlled test system using a UK 25 

Ecodesign-compliant woodstove under five operating protocols: standard, overload, underload, hot-reload and 

open-door protocols. Instantaneous particle emissions were quantified using a Single Particle Soot Photometer 

(SP2), a Differential Mobility Sizer (DMS500) and an Aerosols Mass Spectrometer (AMS). Modified 

combustion efficiency (MCE) was derived from CO and CO2 concentrations measured by a Fourier-Transform 

Infrared (FTIR) spectrometer. Three typical combustion phases were observed: a pre-ignition phase, a flaming 30 

phase (with rich and non-rich flaming distinguished by an MCE of 0.95), and a smouldering phase. Stove 

operation can affect emissions by altering particle size, leading to ultrafine particle (UFP) formation (e.g., open-

door, underload and overload conditions) and also prolong the rich flaming phase (e.g., hot-reload and 

overload), increasing PAH emissions. The findings here demonstrate how user behaviour may increase 

emissions of certain pollutants from modern stoves, partially offsetting the benefits compared to older designs. 35 
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1. Introduction 

Particulate matter with diameter smaller than 2.5 micrometres (PM2.5) is a significant health concern, which 

results in 4.2 million premature deaths annually (World Health Organisation, 2022). Residential wood burning 

(RWB) is a substantial contributor to both outdoor and indoor PM2.5 emissions globally (Klimont et al., 2009; 

Cincinelli et al., 2019; Zhang et al., 2020; Font et al., 2022; Chowdhury et al., 2023). Black carbon (BC) and 40 

organic matter (OM), as significant fractions of PM emissions are carbonaceous materials produced through 

incomplete combustion, which have adverse human health effects including respiratory and cardiovascular 

diseases (Highwood and Kinnersley, 2006; Nichols et al., 2013).  

BC is the dominant light-absorbing component of PM2.5 and contributes to positive radiative forcing. Although 

its effective radiative forcing (from 1750 to 2019) is more than 10 folds lower compared with greenhouse gases 45 

(Szopa et al., 2021), the associated uncertainties remain large and may even reverse in sign. The uncertainties 

rise because BC remains inadequately represented in atmospheric models due to uncertainties in emissions, the 

complexity of simulating its microphysical and optical properties and its mixing state (Cappa et al., 2012; Liu et 

al., 2017). Freshly emitted BC typically exists as chain-like aggregates composed of primary spherules arranged 

in highly fractal geometries (Hu et al., 2021). These aggregates then re-agglomerate when mixed with other 50 

atmospheric components such as inorganic salts or OM (Wang et al., 2017). These mixtures can be either fully 

internal, meaning each particle homogeneously or heterogeneously contains all species, or fully external, 

meaning each particle contains only one species (Bond and Bergstrom, 2006). In practice, atmospheric BC 

particles typically exhibit a combination of internal and external mixing states due to atmosphere aging 

processes (Ye et al., 2018; Lee et al., 2019; Liu et al., 2020). OM is often co-emitted and mixed with BC, 55 

modifying the optical properties of BC-containing particles. For example, OM mixed with BC enhances light 

absorption by the particle through lensing effect when internally mixed, thereby influences BC radiative effects 

(Fuller et al., 1999; Bond et al., 2006; Liu et al., 2017; Ting et al., 2018; Yu et al., 2020).  

The toxicity of OM, such as polycyclic aromatic hydrocarbons (PAHs), further increases human health risks 

when mixed with BC (Orasche et al., 2013). Under high concentrations, small particles (e.g., Aiken mode: 60 

0.01µm – 0.1 µm) can coagulate with pre-existing particles to form larger particles (e.g., Accumulation mode: 

0.1µm – 2.5 µm) (Liu et al., 2019; Yu et al., 2020). The particle coagulation rate is approximately proportional 

to the square of particle concentrations, consequently, BC particles can grow rapidly under high concentration 

conditions, for example in a wood stove (Ting et al., 2018).  

RWB is estimated to contribute approximately 30% of the global BC emissions and 70% of the global OM 65 

emissions (Bond et al., 2004; Weimer et al., 2008; Klimont et al., 2017; Xu et al., 2021), with substantial 

regional variability caused by differences in stove design, fuel type, and user behaviour (Jetter et al., 2012; Bond 

et al., 2013). In the UK, surveys indicated that approximately 8% of households used solid fuels for space 

heating between 2015 and 2020 (Waters, 2016; Kantar, 2020). According to the UK National Atmospheric 

Emission Inventory (NAEI), RWB accounted for approximately 30% of the total PM2.5 emissions in 2022, 70 

making it the dominant source in the UK (Mitchell et al., 2024), which decreased by 6.2% in 2023 compared to 

2022. Observational data also support this reduction, likely attributable to the increased use of modern stove 

designs (Noonan et al., 2011; Font et al., 2022). For example, Ecodesign stoves include a secondary (and 

sometimes tertiary) air supply compared to traditional stoves, which can be preheated to deliver hot oxygen to 

the combustion zone which enhances combustion efficiency. Ecodesign stoves also feature thicker stove walls 75 
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designed to reduce heat loss. However, non-ideal user behaviour during stove operation, such as using different 

sizes of logs, can alter PM emissions by up to 78% (Pettersson et al., 2011). Moreover, significantly higher PM 

emissions and PAH ratios have been reported when loading wood onto smouldering versus flaming embers 

(Pagels et al., 2013; Eriksson et al., 2014; Martinsson et al., 2015).  

Ting et al. (2018) showed that the BC mixing state varies across combustion phases and exhibits certain 80 

relationship with modified combustion efficiency (MCE) in African cookstoves. A DEFRA (UK Department for 

Environment, Food and Rural Affairs) project (Allan et al., 2024a) lead by Ricardo Plc. developed a standard 

stove testing protocol informed by a DEFRA burning survey data. The protocol was developed and adapted for 

different stoves in response to challenges and findings from combustion experiments, for the purposes of 

informing the NAEI (Allan et al., 2024b; Allan et al., 2025). Traditional stoves and modern stoves were tested in 85 

DEFRA project using commonly used fuels (e.g., wood logs with different moisture content, mineral fuels). 

DEFRA project showed that modern stoves, including Ecodesign and Blue-Sky-Angel stoves, exhibited higher 

emissions of CO, PM, volatile organic compounds (VOCs) and PAHs when burning dry wood compared to 

traditional designed stoves. Nevertheless, there are several open scientific questions remaining on the emissions 

from Ecodesign wood stoves: (1) how deviations (e.g., fuel types, refuelling timing, operations) from the 90 

standard test protocol influence BC mixing states and online stove emission characterisation; (2) which 

parameters and microphysical processes govern the CA emissions; (3) what mechanisms lead to increased BC 

and PAHs emissions when burning dry wood in modern stoves. 

Emissions from non-ideal stove operation are often only partially accounted or completely omitted in RWB 

emission factors and activity data used in inventories, highlighting the necessity for targeted research on stove 95 

emissions (Allan et al., 2024b; Elliott et al., 2025). Given the need to answer these important science questions 

the “CondensabLe AeRosol from non-Ideal Stove Emissions” (CLARISE) project aims to investigate stove 

emissions under non-ideal operational conditions including non-ideal user behaviour and unconventional fuels. 

This study aims to quantify and characterize primary BC and OM emissions from non-ideal stove operation of 

an Ecodesign woodstove in a comprehensive set of laboratory experiments using high-resolution online 100 

instruments, including a single particle soot photometer (SP2, DMT) and an aerosol mass spectrometer (AMS, 

Aerodyne). BC concentrations and mixing states were quantified and characterized using the incandescence and 

scattering channels of the SP2. OM concentrations and chemical composition were measured using an AMS. A 

differential mobility sizer (DMS500) and a fourier-transform infrared spectrometer (FTIR GT6000, Gasmet) 

were used to characterize flue emissions. 105 

2. Experimental 

2.1 Condensable Aerosol from non-Ideal Stove Emissions project 

2.1.1 Experimental setup 

Figure 1 presents the CLARISE instrumentation and flow configuration. A temperature sensor to measure the 

flow and ember temperature. A fourier-transform infrared spectrometer (FTIR, Gasmet) and a DMS500 110 

(Cambustion) were deployed to characterize flue emissions, providing gas phase composition and particle size 
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distributions. The flow was initially diluted with a nose-cone stove flue adaptor and was subsequently diluted 

using a ejector dilutor (Dekati).  Diluted primary emissions were then measured using a high-resolution AMS 

(Canagaratna et al., 2007; Haslett et al., 2018) and an SP2 to measure refractory black carbon (rBC) mass 

concentrations(Liu et al., 2019; Cheng et al., 2025). The flow could also be aged in an oxidation chamber if 115 

switched to secondary. The flow can be measured using the same suite of online instruments after aging in the 

chamber. A four way valve enabled switching between the secondary and primary sampling lines. As this paper 

aims to quantiying primary emission, the chamber analysis will be presented in a future publication. Therefore, 

the chamber data were removed from all other analysis except time series. 

 120 

 

Figure 1 Schematic diagram of the experimental setup used in the CLARISE. Flue emissions were first measured by 

an FTIR and a DMS500 to determine gas composition and particle size distributions. The flow was then first diluted 

at the stove outlet tunnel by a nose-cone flue adaptor and was further diluted with a Static Ejector Dilutor. The 

diluted flow was directed to online instruments. 125 

2.1.2 Manchester stove facility 

The Manchester stove facility operates an Ecodesign compliant multifuel stove (50 x 60 x 90 cm, ESSE Bake 

Heart), equipped with a cooking pan on the top and an oven at the bottom (Fig. 1), which is a widely used 

cookstove across the UK. This Ecodesign stove has two independent air supplies (i) from underneath (1st 

supply) and (ii) from the back (2nd supply) of the stove. The pre-heated secondary air delivers additional hot 130 

oxygen to the combustion zone, increasing the combustion efficiency. Under real-world operating conditions, 

the exhaust stream passes through a catalyst and is then vented via the flue. To characterize the emissions, we 

removed the catalyst during the experiments.  
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2.1.3 Standard protocol - Fuel 

The standard CLARISE protocol follows the same procedures as outlined in the DEFRA stove testing protocol 135 

(Allan et al., 2024a). Logs from various species (Ash, Beech and Pine) and manufactured wood products such as 

construction off-cuts and commercially available fire logs were selected as laboratory test fuels because they are 

widely used across the UK. Logs were cut to 35-38 cm in length and 5-10 cm in diameter, debarked, and 

trimmed to a nominal mass of 700 g. Manufactured wood logs were similarly cut to achieve a target mass of 700 

g. The moisture content of the wood logs used was very low at < 6%. To achieve this moisture, the wood was 140 

conditioned in an air-conditioned laboratory for an extended period prior to the experiments. Moisture content 

was measured using a calibrated moisture meter before loading the logs in the stove. In the data presented here, 

dry Ash logs were used for all experiments. 

2.1.4 Standard protocol – Burn cycle 

Kindling fires (start-up from a cold stove) were initiated using small pieces of Ashwood with a total mass of 350 145 

g. During ignition, the air inlet was fully opened and the secondary inlet set to 75%. Two commercial 

firelighters and a propane torch were used to ignite the kindling. After lighting the kindling wood, the stove door 

was kept ajar by about 2 cm for 3 minutes until the flames had become established, then the door was fully 

closed.  

During the burning, the tunnel flow was adjusted to maintain the flue exit at 800 feet per minute (FPM); 150 

measured by a Dwyer 460 Air Meter Kit). When flames from a load (kindling or logs) subsided, the embers 

were shovelled flat and two new 700 g logs were added to the firebox (Allan et al., 2024b; Allan et al., 2024a; 

Allan et al., 2025). This refuelling initiated a new log burn cycle. The kindling phase was excluded from cycle 

analysis because its geometry was not reproducible, all burn cycle statistics therefore refer to the log cycle.  

2.1.5 Stove operations 155 

Non-ideal operation refers to deviations from the standard protocol during refuelling onto an ember bed and/or 

subsequent burn cycle, all other operating variables follow the standard protocol. To assess how user behaviour 

alters stove emissions, five non-ideal operating protocols were designed: “Overload”, “Underload”, “Open-

door”, “Single big log”, and “Hot reload”. Each protocols reflects plausible real-world constraints and 

preferences. 160 

1. Overload: the burn cycle starts with four logs (700 g each) instead of two. Users overload to reduce the 

frequency of loading for convenience and improve the efficiency of heating the stove for gaining more 

heat.  

2. Under-load: the burn cycle starts with a single wood log (700 g). Underload provided a contrast to the 

Overload protocol. 165 

3. Single big log: the burn cycle starts with one large log (1400 g). This protocol reflected real world 

variability in fuel size and examined its effect on stove emissions. 

4. Open-door: the burn cycle starts with the stove door left ajar about 2 cm throughout the whole burning 

cycle (two logs, 700 g each). Users keep door open to accelerate ignition of dense or moist fuel, to 
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mitigate perceived smoke spillage during reloading, or a belief that additional air from front door 170 

improves combustion efficiency.  

5. Hot-reload: two new wood logs (700 g each) are loaded onto glowing embers while a residual flame is 

still present (before flame extinction). Hot loading is employed to maintain continuous flame for space 

heating (thermal comfort) or cooking and to avoid the effort of re-lighting. A hot-reload protocol was 

used as the laboratory method for continuous combustion emission measurements (Eriksson et al., 175 

2014). 

Top-down ignition was tested as an alternative cold start procedure. Two 700 g logs were placed at the bottom of 

the firebox, followed by 350 g of kindling wood pieces and two commercial firelighters above logs. The 

firelighters were ignited so that combustion proceed from the top of the fuel stack downward. The primary and 

secondary air setting, ignition operation, and dilution tunnel flow were the same as the standard protocol. Top-180 

down ignition was included in this study because it has been recommended as a low-emission startup practice 

(United Nations Economic Commission for Europe, 2021) and has been shown to reduce startup emissions 

comparing to conventional bottom-up ignition (Brandelet et al., 2018). 

2.2 Instrumentation 

Table 1 Measurement instruments used in this study, including instrument names, measurement frequency, measured 185 
and derived parameters. 

Instrument Time resolution Measured parameters* Derived parameters* 

SP2 1 s 

rBC Concentrations 

Dc 

Dp 

Dp/Dc 

CMD 

MMD 

Esca 

Fin 

AMS 30 s 
OM Mass Concentrations 

Mass Spectra 

m/z 60, m/z 202 Organic 

Fraction 

Fin 

DMS500 0.1 s Electromobility Distributions 
Number Concentrations 

Dm 

FTIR 30 s Flue CO, CO2 Concentrations MCE 

LI-COR 1 s Bypass CO2 Concentrations Dilution Factor 

*Note: rBC concentrations: number and mass concentrations, Dc: rBC core diameter, Dp: BC particle diameter, CMD: rBC 

core count median diameter, MMD: rBC core mass median diameter, Esca: scattering enhancement, Fin: internally mixing 

factor, m/z: the mass-to-charge ratios of organic marker ions detected by AMS, Dm: particle size as mobility diameter, MCE: 

modified combustion efficiency. 190 

2.2.1 Single Particle Soot Photometer 

Particle size and mixing state of individual BC and mass concentrations of rBC were measured using an SP2 

which uses the laser induced incandescence technique (Schwarz et al., 2006; Gao et al., 2007; Liu et al., 2014; 

Michelsen et al., 2015). The SP2 measurement principle, calibration procedure and data retrieving have been 

described in detail elsewhere (Liu et al., 2014; Liu et al., 2019; Yu et al., 2020; Cheng et al., 2025).  In this 195 

study, the mass-equivalent diameter of rBC core (Dc) is determined from the measured rBC mass by assuming a 

BC density of 1.8 g cm-3 (Bond and Bergstrom, 2006).  

https://doi.org/10.5194/ar-2026-24
Preprint. Discussion started: 30 June 2026
c© Author(s) 2026. CC BY 4.0 License.



7 

 

The scattering signal of BC containing particles measured by the SP2 is determined using a leading edge only 

(LEO) technique, which is a reconstruction of distorted scattering signal when particle passes through laser 

beam and heated (Gao et al., 2007). This allows to determine the diameter of BC particles (Dp) after matching 200 

scattering signal with LEO fitted to a Mie core-shell lookup table (Taylor et al., 2015). Therefore, the bulk 

relative coating thickness (Dp/Dc) of BC particles is determined to indicate the coating (Liu et al., 2014):  

𝐷𝑝

𝐷𝑐
=  √

∑ 𝐷𝑝,𝑖
3

𝑖

∑ 𝐷𝑐,𝑖
3

𝑖

3

 ,           (1) 

Where 𝐷𝑝,𝑖 and 𝐷𝑐,𝑖 are the Dp and Dc of each BC particles. For a time interval, averaged Dc can be reported as 

mass median diameter (MMD).  The distribution of coating thickness on Dc range can be further investigated by 205 

Scattering Enhancement (Esca) which is defined as the ratio of the measured scattering signals of a rBC 

containing particle after LEO fitting, to the calculated scattering intensity for the uncoated BC core inside the 

particle (Liu et al., 2014): 

Esca =  
Smeasured,BC particle

Scalculated,BC core
 ,          (2) 

Where Smeasured,BC particle is the scattering intensity of a rBC-containing particle measured by SP2 after LEO 210 

fitting. Scalculated,BC core is the scattering intensity of the corresponding rBC core calculated using the measured 

rBC mass and BC refractive index (2.26 + 1.26i) at 1064 nm (Moteki et al., 2010). For the determination of Esca 

and Dp/Dc, the value of Esca = 1 and Dp/Dc =1 indicate bare rBC particle, because any non-rBC material coated 

on the BC core will enhance the light scattering. However, due to instrumental and methodological 

uncertainties, values of Esca < 1 can occur (Liu et al., 2014; Liu et al., 2017; Liu et al., 2019). Nevertheless, Esca 215 

is a useful indicator to investigate BC mixing states. 

SP2 had additional coincidence when measuring sample flow with high concentration (Schwarz et al., 2006). In 

this study, we introduced an additional dilution by adding 75 ccm compressed air, controlled by a flow meter 

(Alicat Scientific, Inc.), after ejector dilutor (prior to the SP2 inlet).  

2.2.2 High Resolution Aerosol Mass Spectrometer 220 

High resolution AMS (Aerodyne) was used here to measure non-refractory aerosol chemical compositions by 

fractionating sulfate, nitrate, ammonium, chloride and organic aerosols online. The operational and data analysis 

procedures for AMS have been described elsewhere (Canagaratna et al., 2007; Hu et al., 2023). The AMS was 

operating with flow rate of 0.10 L min-1, and the ionization efficiency was calibrated using monodisperse 

ammonium nitrate particles. Mass concentrations of organic marker ions (e.g., ions at mass-to-charge ratios m/z 225 

60 and 202) were derived from AMS mass spectra, and organic fractions were calculated relative to the total 

organic aerosol mass concentrations. 

Previous studies (Haslett et al., 2018; Hu et al., 2021) reported mass spectra from highly controlled 

measurements of aerosols emissions from commonly used wood (Africa and UK) using combustion hoods. 

Here, we extend this work by presenting detailed mass spectra (including PAHs) from Ecodesign stove operated 230 

under different protocols. 
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2.2.3 Fourier Transform Infrared Spectrometer 

FTIR (GT6000; Gasmet, Finland) measured the concentrations of CO and CO2 at the flue. Daily procedures 

included zero calibration using nitrogen and filter cleaning with acetone in an ultrasonic bath. 

2.2.4 Differential Mobility Spectrometer  235 

The DMS500 (Cambustion Ltd., Cambridge, UK) (Reavell et al., 2002; Symonds et al., 2007) measured particle 

size distributions and number concentrations using electrical aerosol spectrometer (Mirme et al., 1984). Aerosol 

sizes from 5 nm to 2.5 µm can be measured by DMS500 at 10 Hz time resolution, with an 8 L min-1 flow rate, 

after being charged by a controlled corona charger designed to minimise diffusion losses. In this study, soot 

calibration was performed using a bimodal agglomerates to reinvert the data (Symonds et al., 2007) as the 240 

flaming phase particles are soot like (Hu et al., 2021). The morphology of the nucleation mode particles during 

pre-ignition and smouldering is uncertain and may be spherical which leads to uncertainties when estimating the 

concentration using agglomerates calibration. Nevertheless, alternative calibrations shifted the nucleation mode 

particle peaks only slightly here, indicating that particle shape has limited impact on their electrical mobility. 

The bimodal agglomerates calibration is therefore considered robust here. The particle size diameter measured 245 

by DMS500 is reported as mobility diameter (Dm) hereafter. 

2.2.5 Non-Dispersive Infrared gas analyzer 

Carbon dioxide (CO2) concentrations before the bypass were measured by an infrared gas analyser (Li-Cor LI – 

820; Lincoln, NE, USA), which is an infrared gas analyzer (IRGA), with 1 Hz time resolution and a flow rate of 

1 L min-1 flow rate. Daily procedures included zero calibration of the analyser using nitrogen.  250 

2.2.6 Dilutor 

Flue sample was further diluted using an ejector dilutor (Dekati Diluter DI-1000; Finland), in which high speed 

compressed air flows into an ejector nozzle and causes a pressure drop which draws the sample flow into the 

dilutor through the nozzle. The sample flow is instantaneously diluted as it mixes with compressed air.  

2.3 Data processes 255 

2.3.1 Dilution factor and modified combustion efficiency 

The dilution factor in CLARISE experiments were calculated as 58 ± 7 using CO2 measurements from FTIR and 

LI-820 from near the initial flue and bypass, respectively.  

MCE is commonly used to identify burn phase boundaries. MCE is calculated as the ratio of emitted CO2 to the 

sum of CO2 and CO (Eriksson et al., 2014; Haslett et al., 2018; Ting et al., 2018): 260 

MCE =  
∆CO2

∆CO2+∆CO
 ,          (3) 
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where CO and CO2 concentrations were measured by FTIR. This calculation provides the percentage of carbon 

release by CO2 by assuming PM, other gas-phase organic compounds, methane (CH4) and other larger 

molecules contributes negligibly (around 4%) (Mcmeeking et al., 2009; Haslett et al., 2018).  

2.3.2 Internal mixing factor 265 

To better understand the internal and external mixing of BC and OM, an internal mixing factor (F in) was 

determined using OM and rBC concentrations measured by AMS and SP2 following the same approach as (Ting 

et al., 2018) to allow comparison across different stove types:  

Fin =  
[( 

Dp

Dc
)

3

−1] ×
ρOM
ρrBC

 × ∑ rBCii

OMtotal
  ,          (4) 

where  
Dp

Dc
 is BC coating bulk determined in Eq. (1). ρOM and ρrBC are the density of OM and BC assumed to be 270 

1.2 g cm-3 and 1.8 g cm-3 respectively. ∑ rBCii  is the total mass of rBC measured by SP2. OMtotal is the total 

OM measured by the AMS. Fin can produce a good estimation of BC and OM mixing state even with minor 

uncertainties due to SP2 detection limit (< 70 nm) (Ting et al., 2018).  

3. Results and Discussion 

3.1 High resolution burning cycles 275 

Figure 2 presents an exemplar measurement time series from a standard CLARISE burn protocol, including 

rBC, OM, the OM fraction (OM/OM+BC), pyrene (m/z = 202), levoglucosan (m/z = 60), BC core size, BC 

coating bulk, flow temperature and MCE. The OM/(OM+BC) ratio is commonly used to identify the 

combustion phase. Pyrene is the most prominent of the PAH peaks observed in the AMS, consistent with 

Eriksson et al. (2014), and is used as a marker for these. A high ratio indicates OM is the dominant fraction 280 

among aerosols emitted while a lower ratio indicates BC is the dominant aerosols. The highest OM fraction 

(ratio > 0.5) was observed during the kindling and ignition phases. This ratio decreased with the start of flaming 

(Fig. 2 d). Kindling emissions were not widely reported in previous studies owing to poor repeatability 

(Eriksson et al., 2014). However, kindling at lower temperatures (< 150 ℃ approximately), by reducing MCE, 

can increase RWB emissions especially OM emissions (Fig. 2). As shown in Fig. 2, ignition of the firelighters 285 

leads to an immediate increase in rBC, driven both by the firelighter flame and charring of the overlying 

kindling. Once the kindling woods were ignited, rBC concentrations decreased whereas OM emissions 

increased. MCE also decrease during this “cold-start” ignition phase, indicating incomplete combustion due to 

the low temperature. The pattern of the OM/(OM+BC) seen is observed in most of the burn experiments; 

however, time series pattern of the OM and BC particle concentrations were highly variable during pre-ignition 290 

and the start of the ignition although using the same amount of kindling wood. 
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Figure 2 Time series of OM, rBC, OM fraction (OM/OM+BC), pyrene, levoglucosan, BC core size and BC coating 

bulk for a standard burn experiment. Temperature and Modified Combustion Efficiency (MCE) are included to 

identify combustion conditions. Four test burns including one kindling at the beginning are shown. 295 

During each burn cycle, OM emissions increased immediately after putting logs on the kindling embers and 

before logs were ignited, marking the pre-ignition phase which is driven by the pyrolysis of the wood. 

Levoglucosan concentration, measured by AMS at m/z 60 (Fig. 3 c), served as a marker for this pre-

ignition/pyrolysis phase (also shown in Fig. 2 for additional burn cycles). The high emissions of OM likely 

originated from the surface or near surface layers of the wood undergo pyrolysis on the hot embers. These 300 

pyrolysis OM products can be present in both particle- and gas-phase, by either condensing or coagulating with 

each other in the cooling mixture of emissions (Haslett et al., 2018). However, deviations were sometimes 

observed, for example, the pre-ignition phase was short in load 2 and not obvious in load 4 (Fig. 2). In load 2, 

the two logs were placed close to each other, which may have inhibited pyrolysis by charring or combustion of 

released volatiles in the confined gap. In load 4, higher ember temperature led to rapid ignition, likely efficiently 305 

burning volatile pyrolysis products in flames, forming higher rBC and PAHs (e.g., pyrene) but lower 

levoglucosan. The decrease in MCE during pre-ignition suggests incomplete combustion due to limited oxygen 

under fuel-rich conditions (Ting et al., 2018), which may intensify when loading onto hot or even glowing 

embers (see supplementary material Fig. S15) (Eriksson et al., 2014). During these pre-ignition phases, rBC 

concentrations were relatively low as BC formation is primarily linked to flaming combustion.  310 

After the pre-ignition phase, OM concentrations immediately decreased. Upon ignition, both OM and rBC 

increased rapidly, reached peak (diluted) concentrations of approximately 50 µg m-3 and 75 µg m-3, respectively. 

This OM and BC rise was accompanied by a decrease in the OM/(OM+BC) ratio, indicating a transition into 

flaming phase, which was widely observed before (Eriksson et al., 2014; Haslett et al., 2018; Ting et al., 2018). 

During flaming phase, MCE can efficiently and quantitatively indicate the burning efficiency conditions. 315 

Following Ting et al. (2018), we classified flaming phase into non-rich (MCE > 0.95) and rich (MCE <  0.95). 

When rBC concentrations stabilized around 50 µg m-3 and the OM/(OM+BC) was low (around 0.7), it suggested 
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a stable flame regime. Rich flaming was characterized by increased CO concentration, oxygen deficiency, low 

flue temperatures and enhanced OM emissions, including Pyrene, consistent with previous observations 

(Eriksson et al., 2014; Ting et al., 2018). For example, in a standard load shown in Fig. 3, the averaged CO 320 

concentration reached 4628 ppm during rich flaming, approximately 11 times higher than during non-rich 

flaming. OM concentrations exceeded 100 µg m-3, while pyrene exceeded 3 µg m-3. This indicates rich flaming, 

arising when available combustible gases exceed the oxygen levels, thereby limiting oxidation and promoting 

incomplete combustion. An exemplar rich flaming time series is available in Fig. S15.  Throughout the non-rich 

flaming phase, MCE remained consistently above 0.99 (table 2), which is slightly higher than open burning 325 

(above 0.98) (Haslett et al., 2018) and pre-Ecodesign stoves (approximately 0.95 - 0.98) (Ting et al., 2018). This 

MCE behaviour is expected because the Ecodesign stove supplies preheated secondary air that promotes 

complete combustion. Short-lived OM and levoglucosan spikes were measured during flaming associated with 

the mechanical breakup of the log (Fig. 3, wood crack). These short-lived spikes may indicate pyrolysis 

occurring in the cooler core of the log. Pyrolysis products can be trapped in the charr layer because the charring 330 

surface has low thermal conductivity (Haslett et al., 2018). When the wood cracks and splits during flaming, 

these products may be released to flue as a plume if not consumed by the flames. 

Approximately 13 minutes after ignition, rBC concentrations decreased below the detection limit, therefore the 

OM/(OM+BC) ratio increased sharply, indicating a transition to the smouldering phase (Fig. 3). Smouldering 

phase is characterized by the absence of visible flames, leading to minimal rBC formation. OM concentrations 335 

were also decreased due to fuel depletion. Smouldering phase is thus a relatively “clean” combustion phase in 

terms of BC emissions. Towards the end of the smouldering phase, MCE decreased again (smouldering rich), 

likely due to oxygen-limited conditions caused by tightly packed embers, which hinder air diffusion and 

suppress complete combustion. However, limited fuel availability constrained BC formation, resulting in low 

BC concentrations.  340 

Previous studies often use MCE to define burning phases. However, as pointed out by Ting et al. (2018), MCE 

provides an incomplete descripton, as pre-ignition processes are not captured by combustion-based metrics. 

Consequently, the decreases in MCE observed during pre-ignition and smouldering (Fig. 3) do not provide a 

clear threshold for distinguishing pre-ignition from flaming combustion. In this study, we used a combination of 

particle size distribution data (Fig. S2) and OM/(OM+BC) ratio to identify pre-ignition, flaming and 345 

smouldering phases, while reserving MCE = 0.95 to distinguish between rich and non-rich flaming within the 

flaming phase.  
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Figure 3 Temporal evolution of a standard burn cycle. Panel a) shows the time series of the sample flow temperature 

and MCE; panel b) is the time series of the bulk BC coating and BC core size; panel c) shows the time series of pyrene 350 
and levoglucosan concentrations; panel d) is the time series of rBC, OM and OM/(OM+BC) ratio. Vertical dashed 

purple lines mark the start and end of the burn cycle, while vertical dashed black lines indicate chamber (aging) 

sampling periods which were excluded in this study. Wood crack and filter procedure are annotated. Periods of rich 

flaming (low MCE periods, shown on panel a) and rich smouldering are identified and annotated in the MCE panel 

(panel a). 355 

3.2 Mass spectra of OM 

Mass spectra of aerosol emissions from the Ecodesign stove operated under different combustion protocols, 

together with differential mass spectra for different burn phases, are presented in Fig. S10 – S14 and Fig. 4, 

including detailed PAH signatures. These measurements complement earlier laboratory studies based on 

combustion hoods 360 

Non-rich flaming was selected as the reference phase because it exhibited relatively stable and low OM 

production, allowing phase-specific emissions during other combustion phases to be more clearly identified 

(Fig. 4). Pre-ignition and smouldering mass spectra were dominated by hydrocarbon ion fragments including 

CnH2n-1 (m/z 55) and CnH2n+1 (m/z 29, 43, 57) (Fig. 4 a, c). However, PAHs including C16H10 (m/z 202), C18H10 

(m/z 226) and C20H12 (m/z 252) were also observed during both rich and non-rich flaming conditions while rich 365 

flaming produced higher concentrations and additional compounds such as C18H12 (m/z 228), C20H10 (m/z 250) 

and C22H12 (m/z 276) (Fig. 4 b). The Ecodesign stove produce more PAHs when burning drywood (Allan et al., 

2025), here we found that these PAHs are mainly produced due to rich flaming. PAH emissions from wood 

burning strongly depend on the release of volatile organics during pyrolysis (Lea-Langton et al., 2019), a 

process that progresses from the wood surface towards the interior over the course of the burning cycle. The 370 

Ecodesign stove may enhance pyrolysis because the secondary air can locally cool the firebox, which may 

explain lower PAH emissions observed in more traditional stoves. Pre-ignition phase may efficiently release the 
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VOCs before flaming. This may explain higher PAH content and longer rich flaming period during hot reload 

burns (Fig. S7, Table 2), because hot-reloads typically has a very short (or no detectable) pre-ignition phase. By 

contrast, pre-ignition phase was longer under the single big log protocol with little to no rich flaming observed 375 

(Fig. S6).  

 

Figure 4 Comparison of organic aerosol composition using averaged mass spectra for a) pre-ignition and b) rich 

flaming and c) smouldering phases, all relative to the non-rich flaming as the reference case.  

Pre-ignition and smouldering produced less PAHs than flaming but produced small OA fragments. Prominent 380 

pre-ignition organic peaks included m/z 55, 60, 73, 91, 137, 167. Pre-ignition peaks at m/z 60 and 137 are 

attributed to levoglucosan (Fig. 4 a). These peaks were unique to the pre-ignition phase (among all phases) and 
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may serve as a marker of pyrolysis. Peaks at m/z 167 and 181 have previously been strongly associated with 

biomass (Alfarra et al., 2007; Weimer et al., 2008) and incense burning (Li et al., 2012). In this study (Fig. 4 a), 

the peak at m/z 167 could be linked to lignin-related compounds which are relatively more resistant to thermal 385 

decomposition during the pre-ignition phase. During smouldering, prominent organic peaks included m/z 44 and 

28. The m/z 44 peak (CO2
 +) which may be originating from C2H4O+, which is also probably from lignin and may 

be the last remaining compound to thermally decompose therefore the peak is detected during smouldering 

phase (Hu et al., 2021). The CO2
 + (m/z 44) and CO+(m/z 28) peaks can also originate from nitrate and 

ammonium salt (e.g., NH4NO3) in the AMS (Pieber et al., 2016; Mărmureanu et al., 2025). The biases, related to 390 

interference from inorganic salts contributing falsely to the organic signal, varied across instruments and 

become significant when measuring aerosols with low organic but high inorganic fractions. Pre-ignition 

produced larger compounds than smouldering (Fig. 4 a, c), consistent with previous studies (Haslett et al., 

2018). DMS500 size distribution data (Sect. 3.3.2) further show that smouldering mainly produced smaller 

particles, consistent with the studies described above. 395 

Non-ideal operations can shorten or extend combustion phase durations, for example, hot reload and overload 

extended rich flaming phase duration (Table 2), but the aerosol chemical composition did not significantly 

change across protocols (Fig. S4 – S9). However, the open-door burn represents an exception, as rich flaming 

was associated with comparatively low PAH emissions (Fig. S8 d), likely due to increased air flow from front 

door limited the residence time of VOCs and local cooling prevented PAH formation. 400 

3.3 Carbonaceous aerosols mixing state  

3.3.1 BC mixing state 

Figure 5 presents the BC core diameter and Esca values for six burn protocols, the particle number densities 

exceeding 70% of the total are shown in red. Some BC particles were observed with a scattering enhancement 

below one (Esca < 1), attributed to minor scattering channel miscalibration and to deviations from Mie theory 405 

assumptions: uncoated or very thinly coated BC cores can scatter less light than predicted by the model, which 

assumes these are spherical particles in a homogeneous refractive index. In addition, the refractive index (RI) of 

biomass burning aerosols can be different from traffic related aerosols (Liu et al., 2019), further influencing the 

optical calculations. For clarity of reporting, a scattering enhancement factor less than 1 (Esca < 1) was assumed 

to indicate effectively uncoated BC particles . 410 

During the standard, open-door, overload and hot-reload burn protocols (Fig. 5 a, b, e, f), BC particles exhibited 

a clear resolved bimodal Esca distribution, with one mode close to Esca ≈ 1 and a second mode at higher Esca. By 

comparison, the underload and single big log burn protocols (Fig. 5 c, d) still showed two BC particle 

populations, but the separation between them was much weaker, producing a more continuous, near monomodal 

Esca distribution. The clear resolved bimodal BC mixing pattern comprises (i) uncoated BC across a broad size 415 

range and (ii) a thickly coated group with Esca > 1. Esca values in the thickly coated group occasionally exceed 

10. These physically distinct BC types likely reflect flame heterogeneity. Because the bimodal pattern occurred 

across several protocols, it appears intrinsic to the burn cycle itself and may be controlled by fluctuations in 

MCE rather than being protocol specific.  
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In contrast, the bimodal pattern was not obvious under underload (Fig. 5 c) and single big log (Fig. 5 d) 420 

protocols. We attributed this discrepancy to sufficient oxygen availability at the reduced combustion surface, 

which may accelerate oxidation of volatile pyrolysis products and suppresses their condensation onto BC cores. 

BC mixing state varied across burn protocols, indicating the important of accurate source apportionment at 

measurement site affected by wood burning plumes, as wood burning can also produce thinly coated BC 

resembling traffic emissions (Liu et al., 2014; Liu et al., 2019). The typical thickly coated ambient wood burning 425 

BC were observed in London and Beijing but were not observed in this study (Fig. 5). As discussed above, 

potential miscalibration of scattering signals remains. Therefore we retain the Liu et al. (2014) separation line 

between traffic and wood burning BC as plausible for identifying wood burning particles. Moreover, variability 

in mixing state introduces uncertainties into climate models that assume immediately internal mixing of primary 

BC and OM (Ting et al., 2018). Our results confirmed that only a fraction of primary BC and OM is internally 430 

mixed when emitted, and that this mixing varies by user operations, which may bias model estimation for BC 

radiative forcing. The absence of thickly coated BC comparing to previous ambient studies (Liu et al., 2014; Liu 

et al., 2019) may reflect the effectiveness of smoke control policies including both fuel and appliance 

restrictions.  

 435 

Figure 5 Scattering enhancement (Esca) as function of BC core diameter (Dc) for different stove operations. Each 

panel shows a 2-D histogram of detected rBC containing particles (Liu et al., 2014; Liu et al., 2019; Joshi et al., 2021; 

Cheng et al., 2025), coloured by particle number density; red denotes > 70% of the burn maxima. Each panel is 

retrieved from the whole day experiment including several flaming phases of burn cycles, excluding kindling and 

chamber. Dashed pink curves are the reference lines to mark traffic and solid fuel burning BC (Liu et al., 2014). 440 
Dashed white curves classify BC particles into four groups based on coating thickness and core size (Liu et al., 2019). 

Black solid lines show the number fraction of BC particles with successful LEO fits.  

3.3.2 Particle size distributions 

Accumulation mode particles from wood burning mainly emitted during flaming phases (Fig. 6). Rich flaming 

primarily emitted particles with a unimodal size distribution, exhibiting a single peak at Dm = 190 nm (Fig. 6 b). 445 

In contrast, non-rich flaming produced bimodal size distributions, with a nucleation mode peaking at Dm = 20 
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nm and an accumulation mode peaking at Dm = 190 nm (Fig. 6 c). Deviations from standard operation like 

opening stove door or underload the stove shifted the flaming phase size distribution toward smaller diameters. 

Panels b and c in Fig. 5 show a population of small, un-coated BC particles distributed around 0.1 µm, hereafter 

termed BC-containing ultrafine particles (BC-UFPs), under flaming phases of open-door and underload 450 

protocols. Consistent with BC-UFPs observations, distinct Dm peaks at 20 nm were observed for open-door 

protocol in both rich and non-rich flaming phases (Fig. 6 b, c; green curves). The open-door burn protocol 

effectively converts the stove into an unsealed system, shortening the residence time of combustion gases and 

nascent particles inside the firebox and then suppressing their condensation and coagulation, which is consistent 

with a previous study on monitoring wood burning emissions, where open burning produced smaller BC cores 455 

(Ting et al., 2018). However, UFPs were also observed under sealed protocols like underload (Fig. 5 c and Fig. 6 

c) which can be due to low Brownian coagulations (Seinfeld and Pandis, 2016) resulting from low Brownian 

motion because low BC concentrations decrease collision frequencies (Pratsinis, 1988). The coagulation rate of 

particles is approximately proportional to the square of their concentrations; here, averaged mass concentrations 

for underload and open-door protocols were 4.38 µg m-3 and 12.9 µg m-3, respectively, indicating that underload 460 

burn was 10 times and open-door burn 4 times lower than the standard burn protocol BC mass concentrations. 

As a result, a fraction of these UFPs can potentially be released into the flue before being oxidised or coagulated 

in the flame. Additionally, UFPs were also observed in overload burns (Fig. 5 e and Fig. 6 b, c). Overload burn 

leads to more non-homogenous flaming, where the stack is high enough to release emitted UFPs before being 

coagulated in the flame. Overall, maloperations such as underload and open-door burns produce less BC levels 465 

than the standard burn protocol but promoted BC-UFP emissions, whereas overload burn increased both BC and 

UFPs emissions, underscoring the importance of standard stove operation to mitigate UFP emissions. Hot reload 

and overload protocols produced a higher number of large particles (Dm > 100 nm) compared to the standard 

burn protocol. One possible explanation for the larger particle sizes is the increased availability of OM that 

becomes internally mixed with BC during rich flaming (Fig. 8 a, c, e).  470 
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Figure 6 Particle size distribution (particle diameter Dm on x-axis) for pre-ignition (a), flaming (b, c) and smouldering 

(d) phases. The particle size distribution for each burn protocol is shown in different colours, each coloured line is the 

cumulative-averaged data of a whole day experiment including several burn cycles of the same phase. Shaded area 

are the standard errors. The size distribution of the pre-ignition phase of single big log protocol is multiplied by 0.1 to 475 
make it comparable with others. 

Pre-ignition and smouldering size distributions (Fig. 6 a, d) are dominated (in number) by UFPs. A large UFP 

peak was observed during the pre-ignition phase of single big log protocols (Fig. 6 a, purple curve). This 

indicates that cutting the log to maximise contact area with embers enhances pre-ignition emissions. The 

underload protocol produced relatively low particle numbers among all protocols. While overload and open-480 

door burn protocols produced a higher number of pre-ignition particles than the standard protocol. 

Consequently, fuel mass, firebox sealing and log-to-ember contact area can substantially modify UFP emissions 

by altering both the magnitude of UFP number concentrations and timing of their release during the burn cycle. 
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These effects should be considered in emission inventories and exposure assessments, because short, intense 

bursts of UFP during pre-ignition and smouldering may contribute disproportionately to particle number 485 

exposure. 

Particle size distributions measured in smouldering phases showed a similar pattern to the pre-ignition phases, 

with lower particle number concentrations limiting particle growth (lower variability and number in size 

distributions). Larger particles during smouldering were observed under overload protocol because of the high 

particle concentration enhancing coagulation and leading to the formation of larger particles. Conversely, the 490 

single big log protocol produced smaller particles during smouldering. This may reflect both the prior release of 

volatiles during pre-ignition and the higher surface area to volume ratio of the big log, which likely slowed the 

release of volatiles and reduced the availability of condensable material during smouldering.  

Consequently, during the standard, hot-reload, and overload protocols, particle size distributions were 

dominated by an accumulation-mode peak near 100 nm. In contrast, the open-door, under-stack, and single-log 495 

protocols were characterized by enhanced UFP emissions, with peaks at Dm ≈ 10 nm. Although the SP2 has 

limited ability to detect particles with a Dm < 70 nm (Dm ≈ 32 nm) due to signal-to-noise issues, measurable 

incandescence signals suggests that wood stove combustion can emit BC containing UFPs during the flaming 

phases of the underload and open-door burns. Moreover, 30 - 100 nm UFPs can remain airborne for days which 

enhance the related health risks (Schraufnagel, 2020), and impact on climate by influencing cloud formation and 500 

precipitation (Junkermann and Hacker, 2018; Kwon et al., 2020). UFP emissions also dominated pre-ignition 

and smouldering phases across all protocols, yet there is no significant evidence that these particles contain BC 

(Junkermann and Hacker, 2018; Kwon et al., 2020). 

3.3.3 BC particles coating 

OM emitted during combustion can either condense onto rBC cores (internal mixing) or remain externally 505 

mixed and emitted separately. We quantified the extent of internal mixing using the bulk coating thickness (see 

Sect. 2.2.1). During a typical flaming phase, coating bulk decreased linearly with increasing MCE (Fig. 7; R2 = 

0.90), indicating that BC cores will gain progressively thicker OM coatings as combustion becomes less 

efficient. The tight correlation between coating thickness and MCE therefore underscores the sensitivity of BC 

mixing state to instantaneous combustion efficiency. Under low MCE, a large proportion of OM, especially 510 

PAHs, may prevent the BC particles from forming a core-shell morphology. The resulting heterogenous coating 

increases the scattering cross section at 1064 nm, which may lead to an overestimation of Dp.  
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Figure 7 Orthogonal distance regression fit and Pearson correlation coefficient (R2) between BC coating bulk (Dp/Dc) 

and MCE during a flaming phase under standard protocol. The fitted slope was -1.74 ± 0.11 and intercept was 2.80 ± 515 
0.11.  

Esca- Dc distribution for non-rich (MCE > 0.95) and rich (MCE < 0.95) combustion are shown in Fig. 8 a – f, 

with the corresponding Esca histograms in Fig. 8 g – i. BC concentrations during pre-ignition and smouldering 

phases are negligible comparing to flaming phase, so we only reported flaming phases here. Wood combustion 

is a complex process that pyrolysis, flaming and smouldering processes can simultaneously occur on different 520 

surfaces of a log, thus the observed mixing states and size distribution represent a combination of these 

processes. To maximize contrast between rich and non-rich flaming, we compared overload (predominantly rich 

burns) and underload (predominantly non-rich burns) protocols (Fig. 8 a, b). Hot-reload exhibited a mixture of 

the non-rich and rich conditions (989 s for rich and 2873 s for non-rich flaming as shown in Table 2). Rich 

combustion exhibited a bimodal mixing state distribution, with close to equal fractions of non-coated and coated 525 

BC particles (Fig. 8 a, c, e). While non-rich burns show a single mode mainly containing very thinly coated BC 

particle without clear boundary (Fig. 8 b, d, f). To better address the two groups, BC particles were classified 

according to the discontinuous distribution following Liu et al. (2019), the criteria is shown as black dashed line 

in Fig. 8. Particles lying above these criteria were classified as thickly coated BC, which were mainly observed 

in rich burns (Fig. 8). The averaged concentration of thickly coated BC during rich flaming was higher than 530 

non-rich flaming across all protocols (Table 2). This indicates that additional OM emitted from rich burns 

condenses onto or coagulated with BC cores. Importantly, the Esca mode remains consistent across protocols. 

This Esca mode further corroborates the negative relationship between MCE and coating thickness shown in Fig. 

7. Interestingly, large uncoated BC (Dc > 180 nm, Esca < 2.1) was observed during rich flaming, which has not 
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been observed in significant amounts in the UK wood burning dominant urban areas previously (Liu et al., 535 

2014).  

 

Figure 8 BC mixing state of rich and non-rich flaming Esca (a-f) and histogram (g - i). The Esca plots show data 

accumulate from rich (MCE < 0.95) and non-rich (MCE > 0.95) flaming across all repeats conducted on a single 

experiment day. The particles are classified by a criteria shown as black dashed line at y=0.796 + 0.000004456 * x-5.7 540 
to identify thickly coated BC and thinly coated BC. 

In the open-door protocol, non-rich combustion produced additional thinly coated (Esca from 1 to 2) BC particles 

with Dc < 100 nm (Fig. 9 a, c), a feature absents from other non-rich flaming phases (Fig. 8 b, d, f). The number 

concentration ratio rBC < 100 nm/ rBC > 100 nm was 0.69, more than 10 times higher than in the standard 

protocol (0.061). Particles from non-rich burns accounted for > 99 % of the total particles in the open-door 545 

protocol, these BC containing UFPs were associated with non-rich burns. The average flow temperature during 

open-door (220 ± 24.9 ºC) was slightly lower than standard protocol (230 ± 14.6 ºC). We propose that the 

continuous influx of cool lab air into the fire box disrupts the flame structure, producing local low temperatures. 

Simultaneously, low rBC concentration and cooling supressed particle growth and Brownian coagulation, 

preventing nucleation particles from forming accumulation mode particles (Seinfeld and Pandis, 2016). The 550 

open door will also cause inhomogeneities in the firebox in terms of temperature and oxygen availability, 

meaning that the combustion conditions are more complex. 
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Figure 9 BC mixing state metric Esca plots during non-rich flaming under open door protocol (a), single big log 

protocol (b) with corresponding histogram (c).  555 

3.3.4 BC core size 

Stove maloperation can shift the rBC core size distribution toward smaller diameters relative to the standard 

protocol (Fig. 10). However, correlations between MCE and BC core size are not obvious (Fig. S3). This 

contrasts with Ting et al. (2018), who reported an increase in BC core size with MCE for a sealed pre-Ecodesign 

heating stove, although no clear correlation was observed for open burning. This difference from the previous 560 

study may reflect the complexity of log combustion, where MCE represents a bulk combustion metric but rBC 

core size is controlled by particel growth, residence time and local flame conditions. The size distributions in 

Fig. 10 are not in ideal lognormal curves, with an additional particle population observed between 70 nm and 

100 nm, particularly during overload rich flaming, open-door and underload non-rich flaming. This sub-100 nm 

mode suggests that BC-UFPs are present across the burn protocols, but their relative contribution is enhanced 565 

under protocols that reduced particle residence time. Rich combustion produced slightly larger BC cores than 

non-rich combustion (Fig. 10), implying rich combustion promotes coagulation among nascent rBC particles 

because of the additional internally mixed OM. In addition, Dc peaks at 0.19 µm during standard rich flaming 

and at 0.17 µm during standard non-rich flaming, whereas the corresponding modes during hot reload are 

similar, at 0.17 µm and 0.16 µm respectively. The weak separation between rich and non-rich flaming during 570 

hot-reload suggests that rich and non-rich combustion may occur simultaneously in different layers or on 

different surfaces of the logs, masking any simple relationship between MCE and rBC core size.  

Figure 10 BC core size distribution of selected rich and non-rich burns with threshold MCE=0.95. The binned 

distribution is fitted as log normal from 70 nm to 600 nm which is the detection limit for SP2, where incandescence 575 
signal under 70 nm is highly affected by noise while larger than 600 nm is saturated.    
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3.4 OM and BC external and internal mixing states among protocols 

Figure 11 shows that the BC mixing state spans nearly the full range of mixing fraction, from fully internal (≈ 

1.0) to highly external (≈ 0.1), across all protocols. This is consistent with the mechanism that high OM 

emissions lead to more external mixing (Ting et al., 2018). For protocols dominated by non-rich flaming, Fin 580 

decreased from fully internal to highly external with the OM mass fraction (OM/(OM+BC)). When OM 

fraction > 0.6, some rich combustion dominant protocols especially hot reload showed strong agreement 

between OM fraction and Fin. By contrast, non-rich flaming dominant protocols like single log and open-door 

showed a broad range Fin from 0.1 to 1.0. Which indicates MCE influences the mixing state, therefore we 

further compared Fin with MCE as shown in Fig. 12. 585 

 

Figure 11 Internally mixed OM ratio Fin (OMBC/OM) as a function of OM mass fraction (OM/(OM+BC)) during 

flaming phase of all protocols. 

The average Fin for rich flaming (MCE < 0.95) was higher than non-rich flaming (MCE > 0.95) under the 

standard, hot reload and overload protocols (Table 2), consistent with pre-Ecodesign stove results (Ting et al., 590 

2018). For most protocols, Fin increased with MCE from almost all external mix to highly internal mixing, 

except overload and underload (Fig. 12). When MCE approaches unity, the Fin distribution is broad (0.1 to 1.0), 

which may indicate even under efficient (near unity MCE) combustions, the BC mixing states were 

heterogeneous. BC can be both non- coated and coated, further reflecting spatial heterogeneity among pyrolysis, 

flaming and smouldering occur simultaneously on different surfaces/layers of the wood log.  595 

However, in the underload protocol, Fin decreases from 0.6 to 0.2 when MCE are approaching 1. This may 

indicate during highly efficient combustions, abundant oxygen and limited condensable materials can supress 

the internally mixed of BC and OM, because some VOCs were oxidised before they can condense onto BC. 

Overload protocol shows no significant correlation (Spearman rank close to 0) between Fin and MCE. The Fin 
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ranged from < 0.1 to 0.6 as MCE varied, consistent with the simultaneous emission of bare and coated BC 600 

described in Sect. 3.3.1.  

 

Figure 12 Internally mixed OM ratio Fin (OMBC/OM) as a function of MCE during all protocols in flaming phases. 

3.5 Top – down ignition test 

The top-down ignition test was conducted as one burn cycle. As expected, the DMS500 size distributions 605 

showed no clearly defined pre-ignition phase (Fig. S16 b), despite the burn being initiated from a cold stove. 

Instead, particle number was dominated by large particles (Dm peaks at 20nm) from the start of ignition, rather 

than by the smaller particles (Dm peaks at 190nm) observed during pre-ignition phase of the standard protocol. 

During flaming phase, the organic aerosol concentration (at level of 45-50 µg m-3) remained lower than the BC 

concentrations (at level of 100 µg m-3) for the first seven minutes (Fig. S18 d), which contrasts with the standard 610 

log reload burn cycles. After seven minutes, probably the kindling wood pieces were consumed, the rBC and 

OM concentration remain at the same level at 50 µg m-3.The AMS mass spectra (Fig. S17) also showed limited 

contributions from small organic fragments compared with the standard protocol, suggesting that a fraction of 

VOCs released during ignition may have passed through and been oxidised within the flame above the logs. In 

this single run, no rich flaming phase was observed, and the MCE remained above 0.95 throughout the burn 615 

(Fig. S18 a). This provides preliminary evidence that top-down ignition may suppress the development of rich 

flaming. Together with the hot reload results, this observation reinforces the interpretation that a substantial 

fraction of emissions arises from pyrolysis products released from the logs that do not pass directly through an 

active flame zone before entering the flue. However, this interpretation is based on a single top-down ignition 

experiment, which indicates it needs more repeatable experiments to prove. Moreover, top-down ignition is only 620 

https://doi.org/10.5194/ar-2026-24
Preprint. Discussion started: 30 June 2026
c© Author(s) 2026. CC BY 4.0 License.



24 

 

applicable to start up the stove and cannot be directly applied during reloading. Therefore, rich flaming may still 

occur when fresh logs are loaded to an existing ember bed. 

3.6 Implications among Protocols 

Table 2 Averaged rBC number and mass concentrations, coating bulk, MCE, Fin and core size of flaming phase for 

each protocol. The uncertainties are standard deviation.  625 
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Previous sections showed that aerosol size, chemical compositions and BC coating thickness varied across 

combustion phases, implying that the duration of each phase may strongly influence stove emissions. To test 

this, we paired phase durations across protocols and compared them using Student’s T-test (unequal variances). 

The results indicate that pre-ignition and rich flaming duration differences are not incidental but protocol 630 

dependent (Fig. 13).  

For rich flaming, 8 of 15 pairwise protocol contrasts were significant at t > 2, where 7 pairs of them were 

showing strong significance at t > 3. Overload protocol was significantly different from all other protocols (5 

out of 5 pairs with t > 3). Hot reload protocol also tended to prolong the rich flaming, with significant contrast 

against underload (t = 3.7) and single big log (t = 3.6). Pre-ignition differences were also significant, with 8 of 635 

15 pairwise protocol contrasts were significant at t >2, and 3 of them were showing at t > 3. Hot reload and 

underload substantially suppressed pre-ignition phase, where hot reload suppression was due to manual 

operation. These results indicate that the choice of stove operating protocol produces reproducible shifts in pre-

ignition and rich flaming duration.  

Table 3 Pre-Ignition and Rich flaming duration (seconds) of all load cycles. With averaged duration, standard 640 
deviation and pair T test p value. 

Protocols 
Load 

cycle 

Pre-

ignition 

(s) 

Rich 

Flaming 

(s) 

Mean 

(pre) 

Stedv 

(pre) 

Mean 

(Rich) 

Stedv 

(Rich) 

Standard 

1 88 56.5 

55.3 37.4 122 134 3 75 0 

4 3 308.5 

Hot reload 

1 0 185 

0 0 308 100 2 0 431 

3 0 308 

Open-door 

1 73 170.5 

107 50.9 64 75.8 2 69 0 

3 179 21.5 

Overload 

1 13 1725 

27 27.2 1810 76.6 2 3 1909 

3 65 1785 

Single big log 

1 85 35.5 

65 47.1 37.2 31 2 76 0 

3 110 76 

Underload 

1 165 0 

138 24.3 26 36.8 2 143 78 

3 106 0 
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Figure 13 Heatmap of Student’s T-test t-scores for pre-ignition phase (top right) and rich flaming phase (bottom left) 

phase durations (s); each 2 protocol durations were paired. To better visualize the significance, t-score > 3 pairs are 645 
marked as ***, while 2 < t-score < 3 are marked as **. 

We attribute the significant durational differences to wood-log geometry, specifically the surface-to-volume ratio 

and the ember contact area (Sect. 3.3.2). A large surface-to-volume and ember contacts area, as in the single big 

log and underload protocols, extended pre-ignition but shorten rich flaming phases (Table 3). In practical stove 

operation, chopping fuel into smaller pieces is therefore likely to prolong the rich flaming phase which produces 650 

BC with thicker coatings (Table 2) and elevates PAHs emissions (Sect. 3.2). Compared with the standard 

protocol, hot-reload facilitates ignition because logs were loaded during the flaming phase, however, the 

associated extension of the rich flaming phase (Fig. 13) significantly increases the potential of high PAHs and 

thickly coated BC emissions. The overload protocol also increased the flaming duration for each load (Table 2 

and 3) which reduced the frequency of reloads in real world stove operation, however, its extended rich flaming 655 

phase (Fig. 13) would increase emissions. Open-door protocol reduced BC concentrations, BC coating thickness 

and PAH emissions, however, it increased the health risk by producing more UFPs. In contrast, underload and 

single big log protocols were not easy to ignite owing to their longer pre-ignition phases, however, they 
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decreased rich flaming duration and thereby reduced thickly coated BC and PAHs emissions, making them 

advantageous options for minimising aerosol emissions. 660 

4.  Conclusions 

This study provides key emission characteristics of carbonaceous aerosol from a modern Ecodesign stove when 

burning dry Ashwood, including BC concentrations, particle size distributions, mixing states and chemical 

compositions. Overall, modern Ecodesign stoves burn wood with higher efficiency (high MCE) when operated 

properly (based on a standard burn protocol). However these stoves can potentially exhibit unfavourable 665 

emission behaviours (e.g., increased emissions of thickly coated BC and PAHs) based on usage that deviates 

from the standard protocol, as mentioned in previous studies (Allan et al., 2025).  

Therefore, this study also measured emission variabilities under deviations from standard operation. The 

emissions were highly variable based on the combustion phases observed, where rich combustion was a key 

regime driving changes in BC core size, mixing state and chemical composition. Larger BC cores were observed 670 

during rich flaming (Averaged MMD 0.24 µm, standard protocol) compared with non-rich (Averaged MMD 

0.21 µm, standard protocol), with core diameter varying among protocols based on the MCE. A robust bimodal 

BC mixing state, including thinly and thickly coated BC, was observed and quantified for the burn protocols. 

Thickly coated BC formed mainly during rich flaming due to higher OM availability, consistent with increased 

external mixing (low Fin). Chemical composition of the particles emitted during burning depended highly on 675 

combustion phases where pre-ignition and smouldering produced more saturated hydrocarbons such as alkanes 

whereas flaming phase, especially rich flaming, produced more PAHs.  

Burning dry Ashwood in an Ecodesign stove using varying different burn protocols influences particle 

emissions through two principal pathways. First, overload and hot reload potentially increase the rich flaming 

duration (by a factor of nine) comparing to standard protocol, thereby increasing emissions of PAHs and thickly 680 

coated BC. This shift in particle chemical composition may increase potential health risks due to the toxicity of 

PAHs. This may also enhance the absorption of the BC containing particles through lensing effects. Second, 

underload and open-door protocols shorten particle residence time in the stove and therefore increase UFP 

emissions. If not efficiently filtered, these UFPs pose additional human health risks because their small size can 

prolong their airborne residence time, enable deposition deep in the lungs and reduce the respiratory capacity. 685 

Overall, the standard and single “big log” burn protocols led to relatively low PAHs, UFPs and thickly coated 

BC emissions comparing with the overload, hot-reload, underload and open-door protocols. Thus, these two low 

emission burn protocols are recommended when burning dry Ashwood in Ecodesign stoves to reduce wood 

burning emissions. 

MCE is widely reported as a single variable to monitor emissions in wood combustion studies. However, 690 

reliance on MCE alone may be misleading because pre-ignition, rich flaming, and smouldering phases can all 

reduce MCE via distinct physiochemical mechanisms. This work presents significant differences in emission 

characteristics such as particle size and chemical composition among these phases. We therefore recommend 

reporting phase-resolved MCE (e.g., flaming MCE) for MCE based emission monitoring. However, MCE will 

not be sufficient to parameterise the abundant pre-ignition emissions, which intrinsically take place outside of 695 

the combustion process. 
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The insight gathered here on the modes of emission will also have implications for the operating methods of 

domestic stoves, as it demonstrates that much of the previously-documented adverse emissions of modern stoves 

when burning dry wood occur when they are used outside of their operating conditions. In particular, when too 

much wood is used, or with too high a surface area, rich combustion occurs because the combustible vapours are 700 

produced too quickly for the air system. This in turn produces an abundance of CO and PAHs. This can be 

remedied through user behaviour, in particular not overloading the appliance and using larger pieces of wood. 
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