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Abstract 

There is considerable public interest in the emission of pollutants, especially 

smoke, from wood burning stoves in the UK. The popularity of residential 

combustion appliances has increased in recent years which has contributed in poor 

urban air quality. Additionally, the use of inadequate fuels and limitations in stove 

testing methods may suggest that the negative impact of such appliances is worse 

than currently predicted.    

Combustion testing was undertaken on a HETAS approved 5.7 kW Waterford 

Stanley Oisin SF NB multifuel heating stove. A custom LabVIEW development 

platform was constructed for measuring various combustion properties including 

burning rate, flue gas flowrate and temperature. Gaseous pollutant analysis was 

undertaken using fourier transform infrared (FTIR) spectroscopy and 

electrochemical sensors. Particulate pollutant sampling was undertaken using a 

Dekati PM10 Impactor system. Independent studies investigated changes in 

combustion conditions and pollutant formation associated with (i) changes in the 

properties of the fuel and (ii) the influence of the stove operator. Predominantly, the 

impact of fuelwood moisture content, cold-start operation and reproducibility where 

reviewed.     

Moisture content (MC%) was shown to significantly affect the properties of the 

combustion reaction. The combustion of wet fuelwood resulted in lower combustion 

temperatures and a prolonged burning period (reduced burning rate). The emission 

of CO, CH4, non-methane volatile organic compound (NMVOC) and CH2O was 

shown to increase with (i) an increase in MC% and (ii) the subsequent reduction in 

combustion temperature. The average CO emission for dry fuelwood (MC is <20%) 

was 59.0±22.4 g/kgfuel and for wet fuelwood (MC is >20%) was 105.6±12.3 g/kgfuel. 

The average CH4 emission for dry fuelwood was 1.32±0.76 g/kgfuel and for wet 

fuelwood was 5.01.6±2.48 g/kgfuel. The average NMVOC emission for dry fuelwood 

was 2.14±1.26 g/kgfuel and for wet fuelwood was 8.51±4.17 g/kgfuel. The average 

CH2O emission for dry fuelwood was 0.47±0.36 g/kgfuel and for wet fuelwood was 

2.00±1.09 g/kgfuel. Both NOx and SO2 emission was shown to be generally 

unaffected by MC% and was dependent upon fuel nitrogen and sulphur content. 

Particulate matter (PM) emission was also found to vary depending on MC%. The 

combustion of dry fuelwood produced lower PM emissions (2.03±1.06 g/kgfuel) than 

wet fuelwood (7.20±4.85 g/kgfuel). As a result, combusting fuelwood which maintains 

Ready to Burn certified moisture contents contributes in a PM emission reduction of 

112%. In addition, the structure and morphology of soot generated by the 

combustion of dry and wet fuelwood was also found to differ. Dry fuelwood 

produced soot comprising long chains of spherical particulate matter which 
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presented a higher elemental carbon (EC) fraction. Alternatively, wet fuelwood 

produced amorphous tar-like material which presented a higher organic carbon 

(OC) fraction.  

The impact of repeat stove testing was examined in order to determine the effect of 

prolonged operational practices and emission inventory sample size on the 

properties of the combustion process and results confidence. An increase in the 

inventory size resulted in an improvement in results confidence to an extent. Issues 

relating to reproducibility were observed when additional batches were applied to 

the stove. An increase in combustion temperature was identified during prolonged 

stove operation which improved combustion efficiency and reduced reproducibility. 

Poor stove operation was also presented during prolonged operation in response to 

limitations in the fuel. Finally, individual events relating to the dynamic nature of the 

combustion reaction limited reproducibility. These events, such as a fuel particle 

falling from the heated grate, leads to an increase in emissions and is identified as 

an uncontrollable factor.  

Finally, the inclusion of cold-start operation within standard operating practices and 

emission inventories was investigated. Cold-start testing is often negated from 

standardised testing procedures due to the difficulties in attaining repeatable 

results. The findings of this work revealed a notable increase in the average 

emission of CO by a factor of 2.9, total hydrocarbon (THC) by a factor of 2.4 and 

PM by a factor of 1 when cold-start data was included. Data from stove testing is 

applied in the regulation of appliances and in climate modelling. These results show 

that by neglecting cold-start data from accreditation and testing practices, emission 

inventories may be underestimating the true impact of stove operation. This is of 

greater importance in urban locations where air quality problems persist, and stove 

operational duration may be confined to a single cold-start batch only.    
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Chapter 1 

Background and Context 

1.1 Climate Change and Bioenergy 

Climate change is the single most important issue facing the world today. 

Anthropogenic driven modification of the natural world has resulted in negative 

consequences for both the environment and future human development. Though 

there remains uncertainty regarding the magnitude of change in global temperature 

trends associated with greenhouse gas (GHG) emissions (Held and Soden, 2006) 

the general consensus indicates a global average increase between 1.5°C and 

>4°C by the end of the 21st century (IPCC, 2021). The impact of climate change is 

complex and not fully understood with likely environmental impacts relating to 

desertification, land degradation, ecological deterioration, sea-level-rise, drought, 

and an increase in the frequency of extreme weather events (Singh, 2019). In 

addition, such processes are likely to present a direct and detrimental impact upon 

the anthroposphere including food and water insecurity, social displacement, 

increase in regional disease prevalence, economic impacts, and conflict (IPCC, 

2018). 

Pollutant emissions associated with global warming include water vapour, N2O, 

CH4, O3 and CO2 with the latter being the most prevalent. Atmospheric CO2 

concentrations are known to have increased from 280 ppm, during the pre-industrial 

period, to 417 ppm in 2022 (MacFarling Meure et al., 2006; NORA, 2022). Similarly, 

CH4 has been shown to increase by 160% since preindustrial times while average 

atmospheric N2O is increasing at a rate of 1.20 ppm/year (Bruhwiler et al., 2021). 

Figure 1.1 shows the increase in atmospheric GHG and CO2 emissions and the 

likely impact upon average temperature anomaly. 
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Figure 1.1  Variation in median temperature anomaly from the 1961-1990 global 
average including upper and lower 95% CI (TheWorldBank.org, 2022a). CO2 

emission is presented in kt and Total GHG in kt of CO2 equivalent 
(TheWorldBank.org, 2022b; TheWorldBank.org, 2022c). 

The IPPC outlines a number of primary GHG sources associated with human 

activity including; energy supply (29.3%), transport (19.5%), industry (19%), 

residential and commercial (11.5%), agriculture (11.3%), waste management 

(3.2%), international aviation (3.0%), international navigation (3.0%) and other 

sources (0.2%) (EEA, 2016). GHG emission relating to combustion may be 

separated into two sectors; energy supply associated with large scale power 

generation and residential processes relating to heating and cooking practices.   

In 2008, the UK established the Climate Change Act which proposed a reduction in 

GHG emissions by 100% relative to 1990 baseline levels by the year 2050 (GOV, 

2008). The Act is responsible for ensuring all seven GHG pollutants outlined within 

the Kyoto Protocol (CO2, CH4, N2O, HFC’s, PFC’s, SF6 and NF3), signed by 192 

countries including the UK, remain below a level that would prevent what is 

described as “dangerous anthropogenic interference” to global climate systems 

(UNFCCC, 2022b). This commitment was further developed with the signing of the 

2016 Paris Agreement which set the limit of minimising global warming to 1.5-2°C 

compared to pre-industrial temperatures (UNFCCC, 2022a). Renewable energy 

generation is identified as a promising approach to achieving these targets. The 

Renewable Energy Directive (2009/28/EC) defines renewable resources as “energy 
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from renewable non-fossil sources, namely wind, solar, aerothermal, geothermal, 

hydrothermal and ocean energy, hydropower, biomass, landfill gas, sewage 

treatment plant gas and biogases” (EU, 2009). As such, the 2009/28/EC outlines 

the requirement of member states to replace 30% of power generation, 12% of heat 

generation and 10% of transport with renewable alternatives by 2020 (GOV, 2022). 

As of 2020 the total UK energy supplied from renewable resources equated to 

21.5%, an increase of 11.4% from 2010 levels. Additionally, bioenergy was 

identified as the most significant renewable energy resource in 2020, contributing 

37% of the total renewable derived supply (BEIS, 2021).        

1.2 Residential Combustion 

Fuelwood combustion is the most significant renewable energy resource for 

domestic heating in Europe (Wöhler et al., 2016). Residential combustion maintains 

a significant contribution towards both UK and European GHG emissions. Wood 

use is increasing. In 2010, residential emission contributed 15% towards the total 

UK greenhouse gas emissions of which 94.9% was derived from domestic 

combustion (AEA, 2012). Similarly, in 2005 European household emissions from 

solid-fuel combustion contributed 45% of the total PM2.5 equating to more than three 

times the pollution generated by road transport (Amann et al., 2005). 

Domestic combustion practices have changed significantly in recent years. 

Processes of social preference, the inherent opinion of biomass combustion as a 

clean and sustainable energy resource, relatively reduced fuel costs, and 

governmental incentives have resulted in the substantial increase in the combustion 

of biomass across Europe (Viana et al., 2016). In the UK most stove use is 

identified as a “lifestyle choice” with 46% of users being from high earning AB social 

grades (higher and intermediate professional occupations). Of the stove users it is 

estimated that 28% use appliances recreationally for aesthetic reasons, 18% use is 

based upon tradition and 8% is out if necessity (KANTAR, 2020).  

The quantity of biomass consumed for the purpose of residential heating increased 

by 56% between 1991 and 2011 (DEFRA, 2017). In response to increased 

consumer demand, the Stove Industry Alliance (SiA) estimate that more than 1 

million homes currently maintain a wood burning stove or open-fireplace with an 

additional 175,000 new devices installed annually (SiA, 2017). A similar trend is 

observed in Europe with more than 65 million direct heating appliances (Mudgal et 

al., 2009) and 8 million indirect heating appliances (Krecl et al., 2008) currently 

installed (Cincinelli et al., 2019). An increase in the bioenergy capacity for the UK 

has been observed in recent years however this coincides with an increase in the 

quantity of fuelwood combusted from 138 ktoe in 1990 to 1,115 ktoe in 2020 (BEIS, 
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2021). This is a likely response to several governmental incentives which has seen 

an increase in the use of fuelwood for residential and industrial heating practices. 

Specifically, the domestic and non-domestic Renewable Heat Incentive (RHI) 

encouraged the development of combustion technologies which contributed in an 

increase in woodburning practices.   

DUKES identifies more than 35% of renewable heat and 5.4% of renewable energy 

is generated from small-scale, domestic wood consumption (MacLeay et al., 2014). 

Though reliance on fuelwood remains low with 80% of consumers relying on 

residential solid fuel (RSF) as a secondary source of heating only (BEIS, 2016b), an 

increasing awareness within both the literature and governmental legislation 

regarding the detrimental consequences of domestic combustion on both health 

and environment, calls into question the use of such devices within the urban 

setting. Lee (2005) estimates that domestic combustion is responsible for between 

30% and 80% of net polyaromatic hydrocarbon emissions (PAH) and 10% of 

polychlorinated dibenzo-pdioxines and dibenzofurans (PCDD/F) emissions (Wild 

and Jones, 1995; Wenborn, 1999; Lee, 2005) with residential sources responsible 

for significant PM2.5 contribution (Gelencser et al., 2007; DEFRA, 2012). In line with 

recent legislation, the use of stoves in urban locations will require greater control 

and regulation. 

Though solid fuel consumption is identified as a minority source of domestic heat 

generation in the UK, global trends indicate a significant reliance particularly when 

associated with cooking practices. Though advances have been made towards 

universal electrification, projections indicate that more than 2.3 billion people will 

maintain a continued primary reliance upon solid fuel, or kerosene for cooking by 

the year 2030 (IEA, 2017); a reduction from 2.5 billion predicted in 2006 (IEA, 

2006). Such processes are particularly pronounced in sub-Saharan Africa and Asia 

where between 80-90% of rural populations rely on solid fuel for cooking activities 

(GAFCC, 2016). Figure 1.2 presents variability in solid fuel consumption and use of 

fuelwood as a resource for cooking. In addition, regional variation is presented in 

response to premature mortalities due to household air pollution (HAP); a process 

of particular importance in the context of the current research and contemporary 

challenges (GAFCC, 2016; BEIS, 2016b).  
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Figure 1.2  Differences in solid fuel and fuelwood use, the use of fuelwood applied 
in cooking practices, and mortalities relating to household airborne pollution 

(HAP) (GAFCC, 2016; BEIS, 2016b).   

1.3 Information on Wood and Solid Fuel Use in the UK 

Fuelwood combustion has increased significantly in recent years with an estimated 

2.41 Mt consumed in the UK between 2018-2019 (DEFRA, 2020). The extent of 

use and operating practices regarding residential heating appliances in the UK is 

largely unknown. Uncertainty is particularly prevalent when attributing the use of 

fuelwood within the domestic heating sector. Residential solid fuels (RSW) are often 

designed to standardised practices which place limitations on fuel characteristics 

with fuelwood graded under BS EN 17225-5: 2021 and BS EN 14961-5: 2011. 

However, a significant fraction of fuelwood consumed within the UK originates from 

an informal or “grey” market where fuel standardisation practices are not adhered 

to. As much as 31% of total fuelwood is sourced from the grey market within the UK 

and is likely sourced from the end users own land or by gathering practices (BEIS, 

2016a). The exact quantity of fuelwood consumed from unregulated sources is 

likely to be underestimated due to significant uncertainty in domestic heating 

practices (KANTAR, 2020). In terms of residential combustion, the most significant 

concern is the use of fuelwood with an inappropriate moisture content. 
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1.4 The Impact of Moisture Content (MC) 

The informal nature of fuelwood acquisition in the UK raises questions on the 

quality of material being consumed within the domestic heating sector. The primary 

concern relates to the MC of the fuel and the potential impact upon emissions. 

Fuelwood is generally categorised based upon the MC of the material. Wet wood is 

often freshly felled and can have a moisture content within the range of 50-60% 

(Jones et al., 2014; Černý et al., 2016). Seasoned wood has been stored for a 

duration allowing the MC to naturally diminish to approximately 20% (DEFRA, 

2020). The seasoning duration has an effect on MC% with 12 months of storage 

being described as part-seasoned and presenting a MC of between 30-35%. 

Subsequently, prolonged storage of 24 months, further reduces the moisture 

content to within the range of 20-25% (Rolls, 2013). Kiln-dried material is a fuel 

which has been mechanically dried so that the MC% is low for improved 

combustion performance. The MC of this material is generally found within the 

range of 8-12% (Rolls, 2013; DEFRA, 2020). A recent report outlined the likely 

consumption of fuelwood based on MC within the UK. A summary of the type of 

fuelwood used is shown in Figure 1.3. Most material consumed was seasoned with 

a predicted MC value of 20%. Of significant concern is the high quantity of wet 

material and low quantity of dry material commonly combusted equating to 26.7% 

and 18.1% of the total fuelwood consumed (DEFRA, 2020).    
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Figure 1.3  Estimated extent of fuelwood combustion within the UK. Indoor 
combustion refers to the use of fuelwood in residential heating appliances 

including stoves and open fires. Outdoor combustion refers to the combustion 
of fuelwood in bonfires and chimineas etc (DEFRA, 2020).     

Due to the quantity of high moisture content materials being used, there is growing 

concern relating to the effect on emissions. Several studies have been undertaken 

which attempt to assess the impact of such conditions on pollutant formation, 

however, the general consensus remain unclear. The impact of moisture during 

fuelwood combustion is therefore complex (Shen et al., 2013) with some authors 

presenting a positive impact (Lu et al., 2009), others presenting a negative impact 

(Bignal et al., 2008; Chomanee et al., 2009), and some showing no clear or an 

indifferent effect (Roden et al., 2006).     

1.5 Accuracies in Testing Methods 

The testing of stove and fuel performance is undertaken to assess emission criteria, 

before market deployment. The testing of combustion appliances is generally 

undertaken in accordance with standardised testing procedures. A number of 

procedures are available including BS EN 13240 in Europe, BS PD 6436 in the UK 

and DIN Plus in Germany. The purpose of standardised testing is to allow for 

accreditation of appliance performance in terms of thermal output, emission 

generation and safety. Due to the dynamic nature of combustion reactions, the 
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results of such tests are often highly variable leading to poor repeatability 

(Trojanowski et al., 2018; Haslett et al., 2018). This results in the quality of 

contemporary emission inventories, such as the NAEI inventory, generated by 

standardised testing practices, being called into question (Klauser et al., 2020). 

The number of tests required for stove accreditation is outlined within the standard 

protocols. The number of tests undertaken does however vary depending upon the 

standard method in question. Additionally, the number of tests applied within the 

literature is variable with the number ranging between 1-7 (Kinsey et al., 2009; Vu 

et al., 2012; Cerqueira et al., 2013; Ozgen et al., 2013; Calvo et al., 2014; Phillips et 

al., 2016; Seljeskog et al., 2017). Additional batch testing may be applied as a 

method of improving confidence in emission and stove performance analysis (Scott, 

2005; Schmidl et al., 2011; Wilton, 2012; Wilton and Bluett, 2012; Wang et al., 

2014; Stewart, 2017). Alternatively, it is predicted that the variable nature of 

combustion reactions inherently limits the capacity for repeatability and increasing 

the number of tests will not improve results confidence (Coulson et al., 2015).  

Standardised combustion practices often require the stove to be under a nominal 

operating temperature before the initiation of testing. In response, emission from 

the cold-start batch observed shortly after ignition is often disregarded from the 

testing procedure, meaning that values are often not incorporated into emission 

inventories. Cold-start operation is often associated with higher emissions than 

those observed during warm-start operation (Shelton and Gay, 1986; Nussbaumer 

et al., 2008; Ozgen et al., 2013). Subsequently, the results generated by means of 

standardised testing practices, present combustion values that are not 

representative of real-world domestic application (Houck et al., 2008; Reichert and 

Schmidl, 2018). This indicates that the effect of stove operation upon air quality and 

emissions is likely underestimated.   

Further work is therefore required to quantify unpredictability in stove testing 

outcomes to assess the adequate number of tests required for improved result 

confidence and assess the effect of cold-start operation on emission results.        

1.6 Research Gaps 

The use of biomass as an alternative method for residential heating has been 

increasing in Europe in recent years, however, there remains a question as to the 

carbon neutrality and associated sustainability (Cincinelli et al., 2019). Biomass 

combustion is identified as a renewable resource under the Renewable Energy 

Directive (2009/28/EC) and accounted for 45% of the gross EU renewables 

contribution in 2016, a value which is predicted to rise to between 55-75% by 2050 
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(Wagner et al., 2010). Despite this, issues remain as to the likely effect of biomass 

combustion appliance in terms of GHG emission and air quality.  

As previously mentioned, a significant proportion of fuelwood consumed within the 

UK maintains a higher moisture content. The combustion of wet fuelwood leads to 

reduced efficiency and an increase in pollutant emission (Orang and Tran, 2015; 

Magnone et al., 2016; Fachinger et al., 2017). This is of real concern from air 

quality and health points of view and was identified as one of the key research gaps 

to be addressed in this thesis. In 2017, a preliminary report completed as part of 

this thesis (Chapter 5) was undertaken for the purpose of advising DEFRA on the 

impacts of fuelwood MC during domestic heating. Results from this investigation 

assisted in the development of the UK Ready to Burn strategy. This resulted in an 

increased control of wet fuelwood sales within UK markets. Notwithstanding, the 

use of high moisture fuelwood remains prevalent due to the acquisition of materials 

from the grey market. Additional research is therefore required to fully understand 

the effect of such materials on stove performance and aspects relating to air quality.       

In addition, a variety of testing approaches may be applied when investigating stove 

operation and emission formation. Most notably is the process of disregarding cold-

start information from testing criteria which may lead to an underestimation of 

emission trends in contemporary inventories. Furthermore, due to the dynamic 

nature of combustion reactions and the limited number of repeated tests applied 

under standardised methods, there remains a high level of uncertainty relating to 

the quality of these inventories.  

It is therefore of particular importance that more research is undertaken assessing 

the impact of fuelwood moisture content on emission formation and likely 

shortcomings regarding emission inventories. 

1.7 Aims and Objectives 

The overall objective of this thesis is to investigate the effect of fuel properties and 

stove operational techniques on pollutant emission formation. The primary aims of 

this work include: 

Aim 1: To assess the impact of fuelwood moisture content on emission generation 

and thermal performance in a small residential heating appliance. This work was 

organised by the following objectives: 

Objective 1a: To identify and review the theoretical processes associated with 

wood-moisture interaction including an assessment of previous research 

undertaken on the effect of moisture content on pollutant formation.  
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Objective 1b: To undertake combustion testing of various fuelwood material 

incorporating different moisture contents and assess emission and thermal 

performance outcomes.  

Objective 1c: To examine the impact of moisture content on soot formation, 

specifically the soot fraction incorporating particles which are <1µm in diameter.  

Aim 2: To assess the different testing methods for the determination of weight 

percent moisture in fuelwood particles (MC). This work was organised by the 

following objectives. 

Objective 2a: To identify and review methods of moisture content determination 

which are suitable for fuelwood analysis.  

Objective 2b: To undertake analysis of moisture using different methods in order to 

determine accuracy and evaluate how error could affect combustion testing 

practices. 

Aim 3: To assess the limitations of testing procedures and how these restrictions 

could have detrimental impacts on emission inventories. This work was organised 

by the following objectives: 

Objective 3a: To identify and review standardised testing methods which are used 

to define residential combustion appliance performance (thermal and emission 

performance). 

Objective 3b: To investigate the effect of cold-start operation and understand how 

the incorporation of such values could affect emission inventory data. 

Objective 3c: To ascertain the impact of repeatability and duration of testing on 

statistical confidence or uncertainty.   

1.8 Thesis Structure 

The following is a breakdown of the thesis structure including publication 

submissions and co-author acknowledgments. 

Chapter 2: Literature Review 

This chapter provides an overview of the principals and processes associated with 

residential combustion and emission formation. The chapter offers a breakdown of 

the processes of fuel and moisture interaction, methods of MC% determination and 

methods of moisture content management. Additionally, the chapter outlines the 

effect of MC% on combustion and emission performance as well as describing 

other recent findings from within the wider literature.  

Chapter 3: Experimental Methodology and Design 
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This chapter outlines the development of the experimental procedures applied 

within the experimental work. This chapter includes an overview of the combustion 

facility design and operation as well as describing the principals of equipment 

operation. In addition, the chapter outlines the methods of quantifying emissions 

and methods of post-sampling and fuel characterisation analysis. 

Chapter 4: Moisture Content Determination via a Digital 2-Pin Electrical Resistance 

Meter 

This chapter evaluates the use of digital resistance-type meters for the 

determination of fuelwood moisture content. The principal operation of this type of 

device is shown as well as alternative methods of MC% determination. The chapter 

describes the differences in MC% values depending upon the analytical method 

applied. 

Chapter 5: Emissions Performance of High Moisture Wood Fuels Burned in a 

Residential Stove; Preliminary Study 

Citation and Co-authorship: Price-Allison, A., Lea-Langton, A.R., Mitchell, E.J.S., 

Gudka, B., Jones, J.M., Mason, P.E., Williams, A., 2019, Emissions performance of 

high moisture wood fuels burned in a residential stove, Fuel, 239, pp.1038-1045 

This chapter evaluates the effect of fuel moisture content on stove performance and 

emissions from a small residential heating appliance. The impact of MC% on 

burning rate, combustion temperature and gaseous emission profiles are assessed. 

In addition, particulate matter is evaluated regarding material size distribution and 

EC/TC composition. 

Chapter 6: The Impact of Fuelwood Moisture Content on the Emission of Gaseous 

and Particulate Pollutants from a Wood Stove 

Citation and Co-authorship: Price-Allison, A., Mason, P.E., Jones, J.M., Barimah, 

E.K., Jose, G., Brown, A.E., Ross, A.B., 2021, The impact of fuelwood moisture 

content on the emission of gaseous and particulate pollutants from a wood stove, 

Combustion Science and Technology 

This chapter further develops the findings outlined in Chapter 5. Stove and 

emission performance is presented during the combustion of low moisture and high 

moisture fuelwood. Specific research is undertaken on the variation in soot physical 

properties via Py-GC-MS, Raman Nanostructure Analysis and assessment of soot 

colouration, and what this implies.  

Chapter 7: The Effect of Cold-Start Operation on Combustion Conditions and 

Pollutant Formation 
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This chapter is a study on the differences in stove and emission performance during 

cold-start and warm-start operation. Under standardised testing practices the cold-

start phase of testing is disregarded due to inconsistencies in operation. This work 

attempts to investigate the differences in the cold-start phase of testing and the 

impact of associated emission factors. 

Chapter 8: Impact of Replicate Number on Repeatability of Results and the 

Minimisation of Error when Calculating Emission Factors from a Domestic Stove 

This chapter investigates the effect of repeatability during stove testing. Analysis of 

stove and emission performance was undertaken across a prolonged testing 

regime to statistically evaluate the effect of the number of repeat tests on results 

confidence.  

Chapter 9: Conclusions 

This chapter outlines the key conclusions of the included work as well as offering 

examples of potential future research. 
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Chapter 2 

Literature Review 

2.1  Wood Fuel Characteristics 

Moisture content (MC%) of a fuel resource is the most significant property 

controlling the effectiveness of a material as an energy resource (Koppejan and 

Loo, 2008; Phillips, 2018). The use of biomass and solid-fuel resources are 

therefore controlled based upon MC% while material drying to a specific condition is 

commonly employed to improve suitability. High MC% has been shown to reduce 

the efficiency of energy from biomass application throughout the production and 

supply-chain processes (Obernberger, 1998; Rupar and Sanati, 2003; Koppejan 

and van Loo, 2008; Murphy et al., 2012; Sosa et al., 2015). The most significant 

affect relates to the control of combustion quality where higher MC% content 

inhibits thermal efficiency resulting in incomplete combustion and an increase in 

pollutant formation (Bignal et al., 2008; Magnone et al., 2016). MC% is an important 

property associated with biomass because of the relatively high inherent water-

content (Choudhury et al., 2015; Orang, 2015). Additionally, the interaction of MC% 

and biomass is complex and highly variable meaning that the restriction of such 

parameters requires significant consideration and control (Koppejan and Loo, 2008; 

Laurila, 2013). The importance of MC% is therefore common for all types of energy 

extraction from biomass resources (Acharjee et al., 2011; Hermansson et al., 2011; 

Zhao et al., 2014; Price-Allison et al., 2021). 

2.2  Water in Wood 

Water availability is considered the most significant control over global flora 

abundance and distribution (McElrone et al., 2013). Moisture absorbance through 

root systems operate under a negative water pressure allowing for an uptake of 

solubilized mineral material from ambient sediment horizons. Though prominent in 

the development of plant growth, water loss via evapotranspiration results in less 

than a 5% water retention within the body of the tree (McElrone et al., 2013). 

Nonetheless, recently felled fuelwood stems present inherently high moisture 

contents with water composition incorporating up to 50-60% of the total fresh-cut 

weight (Svoboda et al., 2009; Jones et al., 2014; Černý et al., 2016). As such, the 

physical characteristics of fresh fuelwood stems may provide for inappropriate fuel 

for domestic combustion. 
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2.3  Water Storage in Wood 

The interaction of wood and water is a dominant process affecting not only the 

growth development of a tree but also the biochemical and physical properties of 

the material. As such, the uptake and transfer of water is a fundamental process 

affecting nutrient uptake from the soil through root systems and CO2 transfer across 

stomata cells in leaves (Green et al., 2003). The mass of water within green wood 

may incorporate as much as 50% of the material weight (Jones et al., 2014). The 

minimum MC% generally observed in sapwood is found between 35-60%db and 60-

75%db for ring-pored and diffuse-pored angiosperm species and 75-100%db in non-

pored gymnosperm species (Stewart, 1967). Once stored within wood, water may 

be identified as either free or bound depending upon storage location within the tree 

structure. Free water is generally described as water stored within lumen capillary 

structures which may incorporate photosynthetic products. Alternatively, bound 

water is chemically bonded water interacting with wood polymers, including 

cellulose, hemicellulose and to a lesser extent lignin, via hydroxyl (O-H) bonds 

(Shmulsky and Jones, 2011; Engelund et al., 2013). In addition, bound-water may 

be stored in the void spaces between cellulose chains and in the micropores of cell 

walls (Kekkonen et al., 2013).   

Bound-water is the result of the inherent hygroscopic nature of wood (Reeb, 1995). 

As such, the inherent moisture content is noted to vary with an increase or a 

decrease in the relative humidity (Hoadley, 2000). The occurrence of bound water, 

or fixed water, within the tree is the result of strong hydroxyl-bonding between water 

(H2O) and wood materials (cellulose, hemicellulose and lignin) as identified in 

Figure 2.1. Two types of water-cell wall interactions are identified within the 

literature including freezing bound water and non-freezing bound water (Engelund 

et al., 2013). Freezing bound-water is water which undergoes a phase change 

between -10 ºC and -20 ºC and is believed to be less confined with reduced 

bonding to the cell wall (Engelund et al., 2013). Non-freezing bound-water does not 

present a phase change down to temperatures of -70 ºC (Berthold et al., 1996). The 

application of a differential scanning calorimeter (DSC) appears to suggest 

crystallisation peaks at -18 ºC for free-water within the lumen of cellulosic biomass 

while a second bound-water peak may be observed between -13 ºC and -23 ºC. In 

addition, a fraction of the bound-water appears non-crystallised at a temperature of 

203 K (Nakamura et al., 1981). Such processes may indicate differentiation in the 

extent to which bound-water interacts with and bonds within cellulosic cell walls 

(Engelund et al., 2013). However, there is limited evidence to suggest that this 

process occurs in wood (Thygesen et al., 2010; Engelund et al., 2013) with such 

processes only occurring in lignocellulosic compounds maintaining weak or strong 
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acid groups (Berthold et al., 1996; Engelund et al., 2013). Free-water or capillary 

water is non-bound water molecules located principally within the lumen of green-

wood which incorporates concentrations of minerals required for plant growth 

(Reeb, 1995; Engelund et al., 2013).   

 

 

 

 

 

 

 

 

Figure 2.1  The integration of bound-water within the microfibres of a cell wall; the 
structure identifies the water molecule bound between two cellulose 

formations (Reeb, 1995). 

Initial water loss occurs when there is a reduction in free-water within the wood 

structure only; bound-water volume remains constant until all the free-water has 

been lost. Opposingly, water accumulation begins with the storage of bound-water 

followed by the accumulation of free-water within the lumen (Gezici-Koc et al., 

2017). The Fibre Saturation Point (FSP) is the point at which all the free-water has 

been lost and only bound-water remains within the cell walls. Further drying results 

in loss of moisture from the bound-water reserve resulting in further mass loss and 

a shrinkage of the wood structure. Similarly, the addition of further moisture, 

following FSP, results in an initial increase in bound-water volume until saturation 

were water is gained within the lumen (Reeb, 1995). Non-bound, free-water is lost 

initially in response to the limited physical interaction with the biomass material 

while bound-water is fully integrated within the molecular structure of wood. As 

such, a greater amount of energy is required to remove bound-water from the 

cellulose material in response to the demand for breaking molecular bounds 

(Espenas, 1951). 

2.4  Water Transport in Wood 

The motion of water transport in trees is driven by passive differential pressure and 

chemical potential gradients. Water movement through plants is driven by a 

negative pressure gradient dictated by the loss of water via transpiration in the 
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leaves (McElrone et al., 2013). Most plants are regarded as highly inefficient in 

relation to water retention following absorption. The majority of water loss occurs 

through leaf canopies during evapotranspiration processes (Whiley et al., 1988). 

Moisture loss, principally through the stomata of leave structures, occurs during the 

absorption of CO2; another compound fundamental to tree development. The extent 

to which trees lose water is significant with some species losing more than 400 

molecule of H2O per molecule of CO2 absorbed. As such, tree species may retain 

as little as 5% of the total volume of water absorbed by the root systems (McElrone 

et al., 2013). This is the fundamental process by which water is drawn through a 

plant stem under a negative differential pressure. This differential pressure process 

is identified as the cohesion-tension theory and allows for the creation of a tension 

gradient along which the flow of water through the xylem is maintained (Bentrup, 

2017). This process results in the movement of water from the soil to the root 

system to the stem to the branches and finally to the atmosphere which is regulated 

by the stomata in leaves (Beedlow et al., 2017). The process of stomatal regulation 

is complex and occurs in response to a large number of variables including leaf CO2 

concentration and the soil water potential (Zweifel et al., 2007). Generally, loss of 

water through evaporation within the leaf canopy which reduces the pressure of the 

water remaining within the leaf system relative to the atmospheric pressure. In turn, 

the reduced pressure elevates liquid out of the soil via the root system and up the 

tree structure via the xylem system (Wheeler and Stroock, 2008). This mechanism 

is subject to the cohesive nature of water occurring in response to the O-H bonding 

and allows for significant water-tension up to 30 MPa (McElrone et al., 2013).  

Processes of water transport have been shown to differ between hardwood 

(angiosperm) and softwood (gymnosperm) tree species in response to differences 

in the cellular microstructure of the material (Gezici-Koc et al., 2017). The principal 

differences relate to the types of cells present within the wood materials with 

softwoods incorporating only longitudinal tracheid and transversely orientated ray 

cells while hardwood species incorporate a series of cell types adjusted for specific 

functions within the plant (Thomas, 1991; Sjostrom, 1993). Longitudinal tracheids 

and ray cells which incorporate between 90-95% and 5-10% of the wood cells 

respectively (Sjostrom, 1993). Longitudinal tracheids are described as very long, 

hollow cells with a length between 3 mm and 5 mm. In contrast the cell width is very 

small often 100 times narrower than the cell length. Unlike hardwood cells, the 

longitudinal tracheids present a duel function offering both strength and rigidity to 

the wood structure but also allowing for water movement through convection 

(Thomas, 1991). The cells are generally dead and contain a hollow centre, known 

as a lumen, through which water and chemicals may be transfer throughout the 

total tree structure (Wheeler, 2008). The structure of the cells is noted to change 
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between earlywood and latewood. Early wood is often associated with a larger 

cross-sectional area, thinner cell walls and a large hollow lumen throughout the 

centre of the structure. As such, early wood cells are more commonly applied for 

water transport under convection. Alternately, latewood cells present a smaller 

cross-sectional area, thicker cell walls and a smaller lumen structure. Late wood 

tracheids are therefore more responsible for strengthening (Thomas, 1991).  

A fundamental feature of tracheids cells relates to pitting within the cell walls. 

Generally, three types of pits are present including large boarded pits which 

connect tracheids cells in a vertical direction towards the height of the tree, smaller 

boarded pits which connect tracheids cells with ray tracheids cells and half-boarded 

connected with ray parenchyma cells (Howard and Manwiller, 1969). All pitting is 

described as a gap within the secondary cell wall which allows through flow of 

liquids between lumen structures via semi-permeable membranes. Earlywood may 

contain up to 200 pits per tracheid cell often located within the radial walls while 

latewood tracheids may contain as few as 10 pits (Sjostrom, 1993). Water 

movement generally occurs between bordered pit pairs whereby a margo, or small 

opening at the centre of the pit dome structure is connected to that of a second 

longitudinal tracheid. The connection of two pits allows for the free movement of 

liquids between two lumen structures (Thomas, 1991).  

Liquids are transferred from longitudinal tracheids to ray parenchyma cells via half-

bordered pits through convection (Sjostrom, 1993). Ray cells, most commonly ray 

parenchyma cells form a ray structure in softwood species. Ray structures are 

commonly associated with biosynthesis, storage and transfer of chemicals within a 

tree. The ray structure is formed from a series of ray parenchyma cells structured in 

a brick-type pattern (Wiedenhoeft, 2012). Larger structures assist in lateral 

movement of materials through contact with longitudinal cells with rays including 

both tracheid and parenchyma cells (Côté Jr, 1963). Resin canal features are also 

present in a number of softwood tree species including spruce and pine. The canals 

incorporate intercellular spaces through which resins may be transferred; the canal 

structures may be found in longitudinal and transverse directions (Thomas, 1991). 

Unlike softwood species, the microstructure of hardwood is more complex resulting 

in a broader array of cell types and structures. Most commonly, hardwood cells 

include vessel elements, fibres, ray parenchyma and longitudinal parenchyma, the 

latter of which is specifically rare in softwood species but may incorporate up to 

23% of the cellular mass of hardwoods (Thomas, 1991).  

While longitudinal tracheids are responsible for fundamental lateral water transfer 

and strengthening within softwood species, hardwood species incorporate 

specialised cells known as vessel elements or perforated elements for convection 
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processes. A vessel structure operates as a longitudinal tube which can transfer 

water from the roots to the top of the tree structure (Conners, 2015). In addition, 

water transfer may occur laterally through interaction of vessels with other cellular 

elements through half-boarded pits (Côté Jr, 1963). Vessel structures incorporate a 

series of vessel elements which are developed as a stack and eventually form an 

uninterrupted tube allowing for improved water convection. The formation of a 

specific tube allows for much improved water convection when compared with 

softwood water movement (Sjostrom, 1993). Individual vessel elements, upon 

contact, may pass material between individual structures through a perforation 

plate. Unlike pits, a perforation plate does not include a membrane and occurs 

following the loss of the element structure during the formation of the unified tube 

(Wiedenhoeft, 2012). The size and volume of vessel elements may vary between 

species, and between earlywood and latewood samples of the same tree, however 

a typical range of a single element length may be between 0.18 mm and 1.33 mm 

with a diameter between 50 um and 200 um. In addition, the total wood volume 

associated with vessel structures may be between 6% and 55% depending upon 

hardwood species (Thomas, 1991; Wiedenhoeft, 2012). Intervessel pitting occurs 

between vessel elements allowing for water translocation between vessel structures 

(Wiedenhoeft, 2012).   

2.5  Fuelwood Drying 

A suitably low moisture content is the basis for high efficiency fuel conversion in 

small residential appliances (Strehler, 2000; Visser et al., 2014). Green fuelwood 

often presents a moisture content within the range of 50-63% (Holmberg and Ahtila, 

2004; Obernberger et al., 2006). Fuel drying leads to a number of benefits including 

lower emissions during combustion, a reduction in fuel handling and transportation 

costs and lower material loss through inhibited microbial degradation (Koppejan 

and Loo, 2008; Hofmann et al., 2018; Price-Allison et al., 2019). Additionally, 

fuelwood maintaining a lower MC% presents a higher calorific value which, in 

practical terms, means that the greater the drying requirement the lower the calorific 

value of the fuel thereby resulting in a lower thermal output from a stove appliance 

(Figure 2.2). Drying is therefore applied as a method of maximising material 

utilisation while minimising degradation and waste (Mathewson, 1930). A variety of 

methods may be applied during the drying of biomass and can be separated into 

two types: active drying and natural drying. A variety of active drying methods may 

be utilized including kiln-drying, heated-air drying (Holmberg and Ahtila, 2004), 

solar convection (Raitila and Tsupari, 2020) and mechanical compression (Yoshida 
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et al., 2010). Kiln drying and natural drying are the most common approaches 

applied during commercial and residential fuelwood preparation.   

 
Figure 2.2  An estimation of the effect of fuelwood moisture content upon net 

calorific value (NCV) and the impact of material density (kg/m3) on moisture 
content. An estimation of the theoretical maximum MC% for combustion 

(60%) and the suggested MC% value for fuelwood following seasoning (20-
35%) and kiln-drying (8-12%) pre-treatment is also presented (Koppejan and 

Loo, 2008; Rolls, 2013; Forest-Research, 2019). 

2.5.1  Mechanical Drying 

Mechanical drying is the process of actively reducing the moisture content via a 

thermal treatment process. Kiln drying is the process of reducing the moisture 

content of fuelwood under mechanically heated conditions. Generally, fuelwood is 

stacked within an oven and exposed to heated air for a specific duration depending 

upon the desired moisture content. A variety of kiln systems may be applied in the 

drying of fuelwood utilizing a number of heat sources including steam, direct fire 

(biomass powered), electricity, hot-water and solar (Simpson, 1991). Kiln-drying is 

undertaken at a variety of temperatures depending upon the properties of the wood 

and the desired moisture content. Generally, drying is undertaken at low 

temperatures within the range of 21-49°C, moderate temperatures within the range 

of 43-82°C and high temperatures in excess of 100°C (Oltean et al., 2011). The 

drying temperature affects the length of the drying period where an increase in the 
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temperature reduces the amount of time required (Simpson et al., 1987). Maviglio 

(1986) observed a reduction in moisture content from 50% to 15-20% when drying 

split maple in a kiln-drier at 60-93°C for three days. Similarly, Simpson et al. (1987) 

shows a drying period of 257 hours at 60°C, 92 hours at 82°C and 32 hours at 

104°C is required when reducing the moisture content of split spruce from 52% to 

<20%.  

Mechanical drying of fuelwood provides several advantages namely the ability to 

produce dried firewood all year round and the ability to create fuel of a specific 

moisture content by changing the drying schedule. However, kiln drying is 

associated with several limitations. The drying of fuelwood at higher temperatures 

may result in the loss of VM from the fuel (Matthews, 2010). VOC loss via 

evaporation occurs at low temperatures for softwood species and at higher 

temperatures for hardwood. Englund and Nussbaum (2000) identifies a loss of 

between 20-50% of fuel VOC during the heating of softwood at 60°C. Similarly, the 

heating of hardwood at 105°C may result in a loss of between 12-70% (Englund 

and Nussbaum, 2000; Samuelsson, Nilsson, et al., 2006; Matthews, 2010). The 

quantity of emissions generated during the drying of biomass in a kiln-dryer is 

dependent upon the temperature. Generally, the greater the drying temperature the 

greater the emission concentration (Holmberg and Ahtila, 2004). Emission 

formation at low temperatures is associated with gaseous and condensable 

lipophilic, monoterpenes, fatty acid and resin acid compounds. Alternatively, drying 

at higher temperatures results in the formation of acetic acids, aldehydes, furfurals, 

carbohydrates and CO2 during the thermal breakdown of the fuel (Fagernäs and 

Sipilä, 1997). Additionally, depending upon the heating method the mechanical 

removal of moisture from fuelwood may be a financially costly exercise 

(Gebgeegziabher et al., 2013) with the methods of heat generation also often 

associated with other limitations including pollutant formation.   

2.5.1  Natural Drying 

The most cost-effective method of fuelwood drying is by natural drying in a heap or 

structured pile outdoors during summer months. This process, commonly referred 

to as seasoning may be applied to reduce the moisture content from 50% to 30% 

(Koppejan and van Loo, 2008). In practice, seasoning generally involves storing 

recently felled green wood within a pile or structure either outdoors or under a 

shelter for a prolonged duration. The capacity for drying by this mechanism is 

subject to the conditions of storage namely temperature, relative-humidity, tree 

species, material volume and air-circulation within the pile (Mathewson, 1930; 

Bergman, 2010; Nurmi and Lehtimaki, 2011). Additionally, seasonality has been 
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shown to affect drying capacity and effectiveness is known to vary between 

geographical regions (Heiskanen, 1953; Nurmi and Lehtimaki, 2011). Assuming 

appropriate storage conditions, the moisture content of a fuelwood pile may be 

reduced from 50% (green fuelwood) to between 30-35% and 20-25% following 12 

months and 24 months of seasoning (Rolls, 2013). Achieving a MC% between 20-

30% is attainable within 3-12 months of seasoning depending upon climate and 

seasoning conditions (Rogge et al., 1998). Given the capacity for bulk-drying this 

process is often considered as a pre-treatment prior to additional drying within a kiln 

(Bergman, 2010).     

The principal advantage of natural drying is the ability to dry large quantities of 

fuelwood in-situ encouraging for a seasonal supply of low-MC% material. However, 

natural drying removes only the free-water within the wood structure thereby 

restricting the total water-loss potential. Additional energy is required to remove the 

chemically bound-water fraction; a process which limits the drying capacity of the 

process (Kofman and Kent, 2009). Furthermore, effective natural drying requires 

specific conditions meaning the method is restrictive to regional climate conditions 

(Kofman and Kent, 2009). Finally, the storage of fuelwood within a pile exposes 

individual particles to differing seasoning conditions. This process, often attributed 

to differences in solar or precipitation exposure, result in differences in MC% 

thereby leading to the formation of a heterogeneous material. A summary of the 

effect of pile storage on MC% uniformity is presented in Chapter 4. 

2.6  Methods of MC% Determination 

Moisture content is generally presented on a wet-basis (wb) or a dry-basis (db). 

MC% on a wet-basis is presented as a percentage of the total mass of the sample 

considering the combined mass of the biomass sample and water content. MC% of 

biogenic fuels maybe presented on both a dry-basis and wet-basis (Reeb and 

Milota, 1999; Govett et al., 2010). A number of methods may be applied for the 

determination of moisture content (Govett et al., 2010). The most commonly applied 

method is the oven drying approach in accordance with BS EN ISO 18134-1, BS 

EN 14774-3 and ASTM D4442 and presented in Chapter 3. This approach is 

associated with a number of limitations which can lead to error in the determination 

of MC%. The heating of biomass at 105±2 ºC can result in the loss of VOC’s within 

the biomass effecting the measured volatile fraction (VM%) and resulting in 

additional mass loss presenting as MC% (Reeb and Milota, 1999; Samuelsson, 

Burvall, et al., 2006). Samuelsson, Nilsson, et al. (2006) shows VOC emittance as a 

percentage of MC% between 0.002% and 0.119% during the drying of different 

biomass at 105ºC. The devolatalisation of VM% during biomass drying results in 
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the formation of a number of VOC compounds including 2,6-dimethylbicyclohept-2-

ene, furfural, phenol, ɑ-pinene and hexanal (Samuelsson, Nilsson, et al., 2006). 

Similarly, Rupar and Sanati (2003) identify terpene formation, specifically 

monoterpenes and sesquiterpenes, during the drying of biomass under heated air 

and steam-medium. The loss of VM% during drying at temperatures presented in 

BS EN ISO 18134-1 (105±2 ºC ) is believed to be negligible and should not present 

a significant impact upon the MC% value (Price-Allison et al., 2019).    

Fuelwood moisture content may be determined through the electrical resistivity of 

the material (James, 1988). A detailed review of the process, accuracy and 

limitations of this technique is provided in Chapter 4. Several alternative methods 

for the determination of fuel MC% may also be applied. The moisture content of a 

milled biomass sample may be determined through the heating of sample using a 

microwave-oven (Govett et al., 2010). MC% is determined following a similar 

gravimetric method to what is outlined in the oven-drying approach and is 

undertaken in accordance with ASTM E1358-97. This method is often applied for 

the determination of moisture in agronomy biomass (Anwar, 2010), organic 

samples (Routledge and Sabey, 1976) and woody biomass (Maruf Hossain et al., 

2012) but is considered not appropriate for the testing of large fuelwood samples 

(such as logs) in response to combustion risk (Govett et al., 2010). The 

determination of biomass MC% may also be achieved through freeze-drying of 

sample material (Samuelsson, Burvall, et al., 2006). Freeze-drying is based upon 

the principal of lyophilization whereby water content is firstly frozen before being 

removed from a sample by sublimation under vacuum conditions before being 

desorbed (Nireesha et al., 2013). A comparison of MC% determined via an oven-

drying approach and freeze-drying revealed that the derived moisture content is 

generally underestimated in the latter technique (Samuelsson, Burvall, et al., 2006). 

However, this process may result in a reduction in MC% loss when compared with 

sampling heating practices (Bjurman and Jirjis, 1994). An additional method is 

based upon the principal of distillation with xylene or toluene and is undertaken in 

accordance with TAPPI T208 WD (Krause, 2000; Samuelsson, Burvall, et al., 

2006). In this method the xylene/toluene is applied to distil out the water fraction 

within a biomass sample given that H2O is not miscible with the chemical additives. 

The extracted H2O forms in a boundary horizon above the xylene/toluene where it 

can be extracted and quantified (Krause, 2000). Previous work identified low 

accuracy of this method in comparison to an oven-drying approach in response to 

the very small sample mass associated with the technique resulting in samples not 

being representative of the complete biomass. In addition, the collected moisture 

content is quantified by reading the volume from a scale on a moisture trap where 

the accuracy is subject to the readability of the scale (Samuelsson, Burvall, et al., 
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2006). A number of advanced instrumental methods of MC% determination are also 

applied including near-infrared, nuclear, magnetic resonance and x-ray analysis 

(Fridh et al., 2014).        

2.7  Moisture Content and the Combustion of Biomass 

Fuelwood moisture content is a significant factor affecting the combustion process 

(Jones et al., 2014). Freshly felled wood, depending upon species, felling period 

and location, may present an inherently high moisture content up to 50% of the total 

mass (Obernberger et al., 2006). Moisture content can affect the ignition and 

combustion efficiency of biomass fuels applied in residential stove and boiler 

systems. Unprocessed biomass materials are inherently hygroscopic meaning that 

it has a tendency to absorb water (Bach and Skreiberg, 2016). Fuelwood MC% is 

variable and subject to the inherent bound water content and extrinsic processes 

including weather conditions or ambient humidity. Extrinsic processes are 

commonly associated with dead-biomass material and may be derived from 

absorption, desorption, evaporation or precipitation while the storage of water within 

living biomass is intrinsic and subject hydrostatic operation (Mckendry, 2002; 

Parmar et al., 2008). Green fuelwood is likely to present a moisture content in 

excess of 50-60% (Jones et al., 2014; Černý et al., 2016) and so the addition of 1kg 

of recently-felled and unprocessed fuelwood to a stove is the equivalent of adding 

500ml of water to the combustion reaction (Rolls, 2013). As a result, fuelwood MC% 

has a direct effect on the combustion process leading to energy loss, incomplete 

combustion and finally, higher pollutant formation. 

2.7.1  Stages of Biomass Combustion 

2.7.1.1 Drying Phase  

A drying phase is required as a precursor to ignition and stable flaming combustion 

within domestic heating devices. Drying temperature requirements are generally 

low (<100°C) which result in the evaporation of water from exposed biomass 

particles (Koppejan and Loo, 2008). Radiative heat derived from the combustion of 

smaller biomass particles or an external heating source leads to an increase in 

ambient temperatures around a fuel pack resulting in moisture loss through 

evaporation. Fuelwood MC% impacts the temperature and efficiency of the 

combustion reaction where fuels maintaining a higher MC% require additional 

heating for the elimination of water-content prior to ignition (Bahadori et al., 2014). 

Alternatively, an increase in fuel particle MC% requires higher temperature heating 

or a prolonged drying period to remove a sufficient water content to initiate 
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combustion leading to greater energy losses and a reduction in the burning rate 

(Rogge et al., 1998; Simoneit, 2002; Koppejan and Loo, 2008; Guofeng Shen et al., 

2013; Guerrero et al., 2019). Prior to ignition, much of the fuel moisture must be 

removed given the capacity of water vapour for minimising combustion zone 

temperatures and transporting heat away from the fuel pack (Koppmann et al., 

2005). The combustion of very wet fuelwood therefore requires an additional 

support fuel so as to maintain sufficient temperatures for drying during start-up 

(Svoboda et al., 2009).  

An increase in the MC% leads to an increase in the energy requirement during 

initial vaporization contributing to poor ignition, lower combustion temperatures and 

a prolonged drying phase (Amos, 1998; Simoneit, 2002; Yang et al., 2007; 

Koppejan and Loo, 2008; Gebgeegziabher et al., 2013). Given the required energy 

demand during drying it is assumed that fuel maintaining a moisture content in 

excess of 60%wb will not burn due to energy loss and low temperatures below which 

are required for sustainable combustion (USEPA, 1984; Koppejan and Loo, 2008; 

Al-Shemmeri et al., 2015) however a theoretical maximum MC% of 60-65% may be 

combusted in larger systems (Svoboda et al., 2009). The quantity of energy lost 

during evaporation is proportional to inherent fuel moisture content (Raman et al., 

2013). It is generally assumed that the energy requirement for the vaporization is 

3.21 MJ per kilogram of water (BMZ, 2013) however other parameters including 

particle size and material density will have an effect. The energy-value of dried 

fuelwood is typically within the range of 18-21 MJ/kg while the energy requirement 

for the heating and evaporation of 1 kg of water stored within green fuelwood is in 

excess of 2.6 MJ/kg (Svoboda et al., 2009). As a result, start-up is still possible if 

ambient radiative heating is sufficient (Van Wagner, 1977). Orang and Tran (2015) 

show significantly extended drying periods during the combustion of fuelwood 

maintaining a moisture content in excess of 30%. In addition, the devolatalisation 

period was shown to be slightly extended when a higher moisture content was 

present however the char burnout phase remained unaffected. Predominant 

moisture loss is observed during the initial stages of devolatalisation prior to the 

establishment of a sustainable flame. As such, the detrimental effects of high MC% 

are generally associated with the period immediately following fuel start-up or stove 

reloading. This process, known as ignition delay, is generally extended with an 

increase in the moisture content (Saito et al., 2001). Following the loss of fuel 

bound water during the devolatalisation phase the material will burn similar to what 

is observed during kiln-dried fuel combustion (Koppejan and Loo, 2008).  

The process of drying during heating is complex. Figure 2.3 presents the process 

of water loss by evaporation during heating. During exposure to an external heat 
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flux the majority of the free water within the fuelwood particle is lost via evaporation 

as the combustion temperature approaches 100°C (Yang et al., 2003; Bartlett et al., 

2019). Following heating a fraction of the water vapor may re-condense in the 

cooler inner structure of the fuel particle (White and Schaffer, 1981; Schmid et al., 

2015) leading to the formation of higher localized moisture values (Bartlett et al., 

2019). During drying the free water is transported through voids in the material 

structure via capillary flow assuming that the water content is in excess of the FSP. 

As the drying process proceeds the moisture content at the particle surface reaches 

a maximum sorptive point creating an evaporation front which progresses vertically 

through the particle structure. Behind the evaporation front remains a sorption zone 

where bound water vapor is transferred via a diffusive mechanism. Assuming a 

sufficient external heat flux the dried fuel horizon behind the evaporation front 

progresses into a pyrolysis phase whereby volatile loss occurs (Grønli and 

Melaaen, 2000; Bartlett et al., 2019). The initial moisture content and external heat 

flux affect the longevity of the drying period and, as a result, the time requirement 

for particle ignition. An increase in the moisture content results in both an increase 

in energy loss causing reduced combustion temperatures and a prolonged drying 

period thereby delaying the onset of ignition (Orang and Tran, 2015). The final 

phase occurs when the volatile loss is complete leading to the formation of a char 

phase (Grønli and Melaaen, 2000; Bartlett et al., 2019). 
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Figure 2.3  Transition of fuel particle moisture content during heating and the onset 
of moisture zones. Adapted from (Bartlett et al., 2019). 

During exposure to start-up temperatures, and under pre-ignition conditions, it is 

common for some loss of highly volatile organic compounds including aromatic and 

ether extractives (Koppmann et al., 2005). During the initial start-up, while 

combustion temperatures remain low (<100°C), some devolatilisation of highly 

volatile organics occur. A series of methanol, light aldehydes, formic acid and acetic 

acid are released during the thermal decomposition of hemicellulose and lignin 

(Koppmann et al., 2005). The heating of larger particles may therefore result in 

simultaneous drying and devolatilisation of the centre and external surface of the 

material respectively. 

2.7.1.2 Devolatilisation/Pyrolysis Phase 

The process of devolatilisation is the initial combustion step producing an array of 

products in different quantities often dependent upon the individual characteristics 

of the fuel particle (Biagini et al., 2006). During heating, compounds within the fuel 

structure start to pyrolyse, hydrolise, oxidise or dehydrate allowing for the formation 

of combustible volatile products (Simoneit, 2002). Loss of volatiles occurs under 
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different temperature conditions during the combustion of coal compared to 

biomass. The process occurs in response to the onset of pyrolysis conditions 

whereby thermochemical decomposition of a particle structure causes chemical 

bonds to sever. The ease of thermochemical degradation is in response to the 

strength of bonding; i.e. the breakage of weak bonds require lower temperatures 

while stronger bonds require higher temperatures (Saxena, 1990). As such, the 

point at which devolatilisation begins also differs between coal and biomass 

particles with the former starting around 350°C and the latter between 160-250°C 

(Jones et al., 2014). The extent of total devolatilised product formation is identified 

as a function of the fuel material. The increased volatile composition of biomass 

fuels and residues, in comparison to coal products, leads to generally more 

extensive devolatilisation and lower ignition temperatures (Mando, 2013).   

As previously identified, the decomposition of chemical components within a fuel 

particle occur at different temperatures. Biomass products and residues are made 

up of a mixed composition of three polymeric incorporations; lignin, cellulose and 

hemicellulose (Burhenne et al., 2013). The extent of each polymer within a fuel is 

highly variable between biomass resources thereby providing a source of inherent 

variability upon the combustion process. Cellulose is a long-chain homopolyer 

incorporating carbon, hydrogen and oxygen atoms arranged as C6H10O5n where n 

is representative of the degree of polymerisation. Cellulose is formed following β-1-

4 glyosidic bonding of two of more glucose molecules which become connected by 

a series of strong hydroxyl (OH) bonds (Mulinari et al., 2013). Hemicellulose is 

located within the primary and secondary cell walls of living plant cells and 

incorporate a series of polysaccharides which bond with cellulose microfibrils during 

the formation of a matrix structure. The hemicellulose material may make up 

between 20-30% of the total dry mass of wood (Whistler, 1991; Bonnin et al., 2009; 

Postek et al., 2011; Moon et al., 2011). The substance operates as a binding matrix 

between cellulose and amorphous lignin located with the cell wall as such, the 

presence of hemicellulose is for the purpose of offering strength and rigidity to the 

plant (Pandey, 1999). Lignin is a series of complex aromatic heteropolymers which 

operate as a stiffening material within the secondary cellular walls for the purpose 

of providing strength and rigidity (Grabber, 2005). In addition, the material is 

described as having a cross-linked structure incorporating phenylpropanoid units 

which are linked by C-O-C and C-C bonds (Basso et al., 2017). Variation in bonding 

structures associated with the three primary polymers comprising all biomass fuels 

results in marked devolatilisation points during the combustion process (Burhenne 

et al., 2013). Slower heating rates (and lower temperature) tend to be associated 

with the breakage of weaker chemical bonds thereby resulting in the evaluation of 

water molecules and the thermal decomposition of hemicellulose and lignin. This 
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process may be observed during lower heating rates below 100 °C/min (Yang et al., 

2006).   

Thermogravimetric analysis of the three biomass components may be applied to 

determine temperature dependent devolatilisation conditions. Yang et al. (2006) 

identified decomposition of hemicellulose within the range of 220-260°C and 

cellulose within the range of 315-390°C. Generally higher TGA peaks are identified 

for cellulose and hemicellulose across very specific temperature and heating rate 

bounds. Alternatively, lignin decomposition is presented as a very low DTG peak 

with a marginal increase in devolatilisation rate likely between 750-850°C. It is likely 

that gradual decomposition of lignin occurs between 250-500°C. As a result, the 

final product of combustion, commonly referred to as char, incorporates a high 

pyrolysed lignin concentration (wt.%) following the rapid decomposition of cellulose 

and hemicellulose components (Yang et al., 2006; Chen and Kuo, 2011; Burhenne 

et al., 2013; Reza et al., 2014).   

A variety of products are derived from the devolatilisation phase of the combustion 

process. Generally, biomass compounds thermally decompose in the order of 

hemicellulose, cellulose and finally lignin decomposition rates becomes appreciable 

(Jones et al., 2014). Low temperature heating of hemicellulose and lignin leads to 

the emission of methanol, light aldehyde, formic acid and acetic acid. These 

products are derived following the thermal cracking of polysaccharide chains within 

the biomass constituents. An increase in devolatilisation occurs within an increase 

in temperature resulting in a significant loss of particle mass (approximately 80% in 

woody biomass). This often leads to a spike in volatile emission during the 

decomposition of the fuel material. A further increase in temperature results in the 

release of methane, aldehydes, methanol and furans. In addition, a series of 

aromatic compounds including benzene, toluene and phenol is released between 

temperatures of 250-500°C. The extent and rate of devolatilisation depends on the 

inherent characteristics of the fuel, specifically the fuel moisture content, and 

additional variables specific to the combustion device including fuel placement, heat 

exposure and excess air availability (Koppmann et al., 2005). It is estimated that the 

gaseous and volatile products of devolatilisation correspond to approximately 70-

95% of the total pyrolysis phase derivatives which are combusted during the 

flaming phase (Jones et al., 2014). 

2.7.1.3 Flaming Phase 

An increase in temperature results in the combustion of devolatilised products in the 

form of a yellow flame. When temperatures within the combustion chamber reach 

the point of ignition the volatile compounds, including gases and tars, combust in an 
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exothermic reaction (Simoneit, 2002). The composition of the devolatilised 

products, incorporating both gases, tars and char, is dependent upon both the 

temperature and the heating rate. As such, the temperature conditions within the 

combustion zone have a direct influence on the calorific value (CV) of the products 

(Jones et al., 2014). If adequate air flow is supplied to the combustion zone, derived 

volatile gases are combusted in the presence of oxygen. The importance of primary 

air flow is therefore identified as a paramount concept during the design and 

development of domestic heating appliances (Yin et al., 2004). Error in the 

estimation of air supply may lead to delayed combustion of products resulting in 

lower operational temperatures and increased pollutant emissions. The rate of 

devolatilised product combustion is very fast, in contrast to char, with an increase in 

total volatiles leading to a reduction in the residence time within the stove 

combustion zone. A generalised model for the combustion of volatiles in presented 

in Equation 2.1 whereby total volatiles (CHxOy) are completely reacted in the 

presence of oxygen to form first CO and H2O, then CO2 based upon the availability 

of CO and O2 (Mando, 2013). The extent to which the gaseous and tar compounds 

are combusted is dependent upon the extent of combustion completeness; the 

process is fully dependent upon conditions within the combustion zone (Simoneit, 

2002). 

 

(𝟐. 𝟏)    𝐶𝐻𝑥𝑂𝑦 + 𝑂2 → CO + 𝐻2O + Ash   

2.7.1.3 Char Burnout 

Smouldering is the flameless combustion, or solid phase oxidation, of the remaining 

fuel on the grate. The smouldering process begin following the loss of volatiles 

during the pyrolysis and flaming combustion phases (Chandler et al., 1983). The 

process involves the diffusion of oxygen to the surface of the char particle whereby 

it reacts with the remaining carbon fraction of the fuel at temperatures greater than 

430°C producing carbon monoxide. In addition, an increase in particle heating 

during this period to temperatures within the range of 630-700°C allows for the 

formation of carbon dioxide (Reid et al., 2005). The process involves the thermal 

degradation of remaining charcoal contributing in the emission of high carbon 

monoxide concentrations. In addition, NO emissions may be higher during 

smouldering combustion when temperatures in the combustion zone are reduced 

while solid PM emission are reduced. A reduction in PM formation is likely in 

response to limited volatile formation and reduced burning rates during this period 

(Reid et al., 2005; Jones et al., 2014; Mitchell et al., 2016). Remaining char 

comprises 90% carbon, 5% oxygen and 3% hydrogen leading to a limitation in the 
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formation of volatile products thereby inhibiting flaming combustion (Koppmann et 

al., 2005).    

2.8  Pollutant Emissions 

2.8.1  Incomplete Combustion 

Soot and gaseous pollutants are produced during the incomplete combustion of 

biomass and fossil fuels (Atiku et al., 2016; Jones et al., 2018). Unlike coal and 

smokeless solid-fuels, biomass maintains a high VM content which, following 

heating, forms higher volatile concentrations within the combustion zone (Wang et 

al., 2018). Under an idealised combustion condition, a cellulosic fuel, defined as 

CHxOy, is completely oxidised where all volatile products are consumed during the 

reaction leading to the formation of CO2, water-vapour and ash. Incomplete 

combustion occurs when the conditions within the combustion zone are not 

sufficient to completely oxidise the volatile and inorganic components which are 

subsequently expelled from the combustion zone within the entrained flue gas.  

It is impossible to achieve complete combustion of a biomass fuel within small 

heating appliances due to the complexity of the reaction and limitations in the 

capacity of the device (Demirbas, 2007). Incomplete combustion is therefore an 

inevitable consequence of the combustion of residential solid fuel (RSF) in domestic 

heating appliances leading to the formation of soot, CO, VOC’s and PAH’s 

(Jantunen, 1985; Bignal et al., 2008; Ozil et al., 2009). Several factors may result in 

the incomplete combustion within heating appliances which commonly relate to the 

ratio of well mixed air and mass of fuel, the combustion temperature, and the 

residence time of products within the combustion zone (Smith, 1987). Most notably, 

in relation to fuelwood combustion, the impact of MC% is known to effect the extent 

of volatile oxidation. An increase in the moisture content reduces the adiabatic 

temperature and increases the air requirement resulting in the need for an 

increased residence to ensure complete combustion (Koppejan and van Loo, 2008; 

L’Orange et al., 2012). 

2.8.1.1 CO 

Carbon monoxide (CO) is a common pollutant produced during the incomplete 

combustion of all carbonaceous fuels. The initial formation of CO occurs within the 

flaming phase where hydrocarbons are rapidly oxidised (Williams, 1990). The 

concentration of carbon monoxide derived from a combustion reaction is also 

principally controlled by the temperature and residence time where reduced 
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pollutant formation is generally in response to improved combustion conditions 

(Vakkilainen, 2017). As such, the presence of CO may be applied as a mechanism 

for understanding the efficiency of combustion and thereby applied as an indicator 

for other pollutant species formation (Koppejan and Loo, 2008; Vakkilainen, 2017). 

Under ideal combustion conditions, CO is oxidised leading to the formation of 

carbon dioxide (CO2) where temperature and O2 availability are shown as a rate 

limiting control (Koppejan and Loo, 2008; Vakkilainen, 2017). CO formation 

generally occurs when the supply of primary air within the combustion zone is less 

than the stoichiometric requirement thereby resulting in high CO and inhibited 

oxidation leading to lower CO2 (Ndiema et al., 1998). In response, CO is generally 

associated with smouldering combustion while CO2 is generally observed during the 

flaming phase of combustion.    

2.8.1.2 NOx and SOx 

Nitrogen oxides (NOx) are pollutant species formed during the oxidation of fuel 

nitrogen (fuelN) during biomass combustion. The primary pollutants generated 

during the oxidation of fuelN is nitrogen oxide (NO), accounting for 90-95% of total 

NOx, and nitrogen dioxide (NO2), accounting for 5-10% of total NOx (Koppejan and 

van Loo, 2008; Ma et al., 2021). There are three routes of NOx formation observed 

during biomass combustion including fuel-NOx, thermal-NOx and prompt-NOx. 

Both thermal-NOx and prompt-NOx formation is observed during high temperature 

combustion in excess of 1300°C. Biomass combustion in heating stoves generally 

occurs at a lower temperature, within the range of 800-1200°C, meaning that NOx 

formation via these routes is likely negligible when attributed to residential 

combustion (Skreiberg et al., 1997; Stubenberger et al., 2008; Mitchell et al., 2016). 

Fuel-NOx is considered the most common route of formation during biomass 

combustion and is directly derived from the conversion of fuelN (Glarborg et al., 

2003; Koppejan and Loo, 2008; Sommersacher et al., 2012; Bugge et al., 2020). 

The process involves the thermal decomposition of nitrogen-containing compounds 

within the fuel during devolatilisation. The combustion of fuels maintaining a higher 

fuelN content, including coal and peat (0.5-2.5%), generally corresponds with an 

increase in NOx formation in contrast to low fuelN materials such as wood (0.003-

1.0%) (Glarborg et al., 2003). Figure 2.4 identifies the effect of varying fuelN content 

on subsequent NOx formation. Under the mechanism nitrogen is provided to the 

reaction from the fuel source while oxygen is provided from the air within the 

combustion chamber (Wielgosinski, 2012). 
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Figure 2.4  Correlation of fuel nitrogen content (%) and NOx formation during 
combustion testing for various fuels outlined within the literature (Ellegård, 

1993; Johansson et al., 2004; Bäfver et al., 2011; Kistler et al., 2012; Guofeng 
Shen, Tao, Wei, et al., 2012; Mitchell et al., 2016; Sevault et al., 2017; Du et 
al., 2017; Liu et al., 2018; Price-Allison et al., 2019; Maxwell et al., 2020; Guo 

et al., 2020; Champion et al., 2020). 

Sulphur oxide (SOx) formation occurs during the oxidation of fuel sulphur (fuelS). 

Fuel-bound sulphur is heated and emitted within the gas-phase during 

devolatilisation in the form of H2S, COS, SO2 and CS2 while some of the fuelS 

content is retained within the char fraction until later phases of fuel conversion. 

Generally, SO2 comprises 95%> of total SOx. Following char burnout, a minor 

fraction of the fuelS may be retained as a non-combusted product within the bottom 

ash. A further fraction may also be converted to a salt (K2SO4) or emitted at H2S at 

lower combustion temperatures (Koppejan and Loo, 2008). In total, between 57-

65% of fuelS may be released and entrained within the flue gas while between 35-

43% remains within the char (Houmoller and Evald, 1999). The extent of SOx 

formation is associated with the fuelS content. Sulphur is applied within all plants for 

the purpose of plant growth and development via the biosynthesis of proteins, 

enzymes and amino-acids (Gigolashvili and Kopriva, 2014). As such, sulphur 
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availability is likely influenced by the soil conditions where the biomass is grown 

(Jones et al., 2014). Notwithstanding, typical biomass fuels present only a low fuelS 

composition thereby inhibiting the potential for SOx formation. Coal derived fuels 

present a much higher fuelS composition which is maintained in the form of pyrite 

and organic sulphur (Glassman et al., 2015). Figure 2.5 presents the relationship 

between fuelS and SO2 formation in a series of different domestic combustion 

devices. A trend is apparent however the correlation is statistically limited likely due 

to sulphur being retained within the ash. 

 
Figure 2.5  Relationship between fuel sulphur content (%) and emission of SO2 (as 

SOx) during combustion in a variety of devices (Zhang et al., 2000; Reddy 
and Venkataraman, 2002; Ge et al., 2004; Krugly et al., 2014; Du et al., 2016; 

Cereceda-balic et al., 2017; Liu et al., 2018; Price-Allison et al., 2019) 

2.8.1.3 Aldehyde 

Aldehyde formation occurs during the oxidation of cellulose and hemicellulose 

during combustion (Kopczyński et al., 2015). In biomass combustion, more than 

50% of the total aldehyde emittance is formaldehyde (CH2O) and acetaldehyde 

(CH3CHO). The ratio of CH2O and CH3CHO formation has been found between 2.1-

2.9 (Cerqueira et al., 2013). The extent of aldehyde formation is known to vary 
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depending upon the phase of combustion, the fuel type, fuel conversion rate, fuel 

moisture content, the characteristics of the combustion appliance and the 

combustion temperature (Liparl et al., 1984; Mcdonald et al., 2000; Schauer et al., 

2001; Hedberg et al., 2002; Koppmann et al., 2005). The effect of combustion 

temperature and burning rate on CH2O emission is shown in Figure 2.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.6  Variation in CH2O formation under different temperature and burning 

rate condition (Liparl et al., 1984).    

2.8.1.4 Volatile Organic Compounds 

Volatile organic compounds (VOC’s) are organic compounds maintaining a high 

vapour pressure and are generally identified in two groups; methane and non-

methane (NMVOC). NMVOC includes all hydrocarbon species excluding CH4, 

polyaromatic hydrocarbons (PAH) and heavy hydrocarbons associated with the 

formation of soot particles (Koppejan and Loo, 2008). CH4 is presented separately 

from NMVOC due to its high atmospheric concentration and relative inertness in 

comparison to other VOC’s (Koppmann, 2007). CH4, like NMVOC’s, is an 

intermediate pollutant commonly attributed to lower stove temperatures within the 

range of 250-500°C, reduced residence time within the combustion zone and low 

O2 availability resulting in the incomplete combustion (Koppejan and Loo, 2008). 

During the pyrolysis carbon and hydrogen within fuel are converted into a series of 

gaseous hydrocarbons leading to the formation of CH4 which, assuming complete 

combustion, is totally converted into CO2 and H2O. NMVOC’s include, but are not 
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limited to, ethane (C2H6), ethylene (C2H4), propane (C3H8), hexane (C6H14), 

acetylene (C2H2) and benzene (C6H6). A total of 148 VOC species have been 

identified during combustion reactions (Fingas, 2017). 

2.8.1.5 Polyaromatic Hydrocarbons (PAH) 

Polyaromatic hydrocarbons include a group of several hundred organic compounds 

which incorporate two or multiple aromatic rings and tend to exist in complex 

mixtures (Lee, 2010). PAHs are generally identified separately from other 

hydrocarbon species in response to their carcinogenic effects. However, the 

formation pathway is similar in that PAH is an intermediate species between fuel-

carbon to CO2 and fuel-hydrogen to H2O (Koppejan and van Loo, 2008). PAH 

formation may also be described as occurring via competing routes which differ to 

oxidation pathways and are intermediates in soot formation. Pyrene (C16H10) is the 

most common PAH associated with biomass combustion while retene (C18H18) is 

also common (Vicente et al., 2020). Pettersson et al. (2011) found pyrene 

concentrations of 6400 µg/mgfuel with additional high concentrations of 

phenanthrene (C14H10) and fluoranthene (C16H10) during the combustion of wood 

logs and pellets. Similarly, Hedberg et al. (2002a) and Ozgen et al. (2014) report 

C16H10 concentrations between 0.066-16.0 mg/kg depending upon fuel and 

appliance type. PAH is of particular importance due to the likely health impacts 

relating to mutagenic and carcinogenic properties (Nystrom et al., 2017).   

2.8.1.6 Soot, Elemental Carbon (EC) and Organic Carbon (OC) 

The term smoke is used to refer to the whole particulate matter (PM) fraction and 

includes ash, inorganic aerosols, amalgamated tar particles, PAH, soot and small 

fragments of char (Jones et al., 2014). Of particular interest to this work is the 

development of soot during combustion reactions. The physiochemical process of 

soot formation during combustion is complex and may results from a single or 

multiple formation pathways (Bartle et al., 2011). Smoke formation may occur 

through the formation of PAH via monocycles by the hydrogen abstraction-carbon 

addition (HACA) mechanism (Fitzpatrick et al., 2008). Additionally, for biomass 

combustion, formation may occur through the generation of cyclopentadienyl 

(CPDyl) radicals via phenoxy radicals leading to the formation of naphthalene and 

indene. More complex PAH structures are subsequently produced through 

interaction with the HACA mechanism or additional reactions with CPDyl radicals. 

Finally, soot formation may occur through the direct coupling of PAH structures 

which are released during the combustion reaction or produced via the HACA or 

CPDyl routes (Bartle et al., 2011).    
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Soot particles consist of amalgamated agglomerations of carbonaceous spherules. 

These spherules are generally between 20-100 nm in nominal diameter with soot 

particles generally less than 1 µm (Jones et al., 2018). The composition of soot 

particles may be determined as containing varying fractions of elemental carbon 

(EC) and organic carbon (OC). EC is a term which is often interchangeably used 

with black carbon (BC), soot, and the light absorbing soot fraction. The IPCC 

applies the term soot to determine the fraction of emittance from incomplete 

combustion which presents light absorbing properties while BC is a term specifically 

used to determine the light absorbing properties of a carbonaceous material 

(Karanasiou et al., 2015). The characteristic of emitted smoke is dependent upon 

the properties of the fuel and the condition of the combustion reaction (Jones et al., 

2014). PM emission maintaining a higher EC fraction are generally associated with 

higher combustion temperatures while the inverse is shown for high OC formation 

(Bond et al., 2004; Gonçalves et al., 2011; Mitchell et al., 2016; Obaidullah et al., 

2018). A summary of the effect of fuel moisture content on EC and OC emission is 

presented in Chapter 6. 

2.9  Impact of MC% on Pollutant Formation 

Moisture content has been shown to affect combustion processes in residential 

combustion appliances (Price-Allison et al., 2019; Price-Allison et al., 2021). 

Biomass is regularly burned with a variety of moisture values with processes 

relating to cost and accessibility affecting use. Notwithstanding, the impact of 

moisture during fuelwood combustion is complex (G. Shen et al., 2013) and has 

shown to have a positive (Lu et al., 2009), negative (Bignal et al., 2008; Chomanee 

et al., 2009) or indifferent effect (Roden et al., 2006). The MC% of fuelwood 

consumed in residential appliances is not known however values range from 50-

60% for green (Černý et al., 2016), 20-35% for seasoned wood (Rolls, 2013; 

CertainlyWood.co.uk, 2022) and 8-20% for kiln-dried fuel (Rolls, 2013; HETAS, 

2018). Several New Zealand studies have been undertaken investigating the MC% 

of fuelwood consumed in residential combustion practices. MC% was found within 

the range of 7-35% (Lamb, 1999a) with more than 36% of fuel maintaining a water 

concentration in excess of 30% (Lamb, 1999b). The wide variation in fuel MC% 

identified in these studies is likely in response to the origin of most fuel materials. In 

New Zealand it has been identified that approximately 50% of fuel is obtained from 

alternative sources (Lamb, 2003). These sources are likely associated with a ‘grey’ 

market and are often not subject to adequate drying or fuel quality monitoring. In 

the UK it is assumed that up to 31% of fuelwood is obtained through a similar 

mechanism (BEIS, 2016). An ideal MC% has been estimated to be between 20% 
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and 30% (Core et al., 1982; Core et al., 1984; Simoneit, 2002). An increase in the 

moisture content corresponds with increased energy losses during the combustion 

of the dry biomass fraction with additional heat required during the evaporation of 

water. Regarding the impact upon combustion, moisture is likely to affect fuel and 

appliance efficiency, combustion temperature and burn duration, excess air 

availability and pollutant formation (Černý et al., 2016). 

2.9.1  Combustion Conditions 

Moisture in fuel has a similar effect to a heat sink thereby affecting combustion 

efficiency (CE) (Ballard-Tremeer, 1997). Fundamentally, the effect of MC% on 

combustion efficiency relates to energy losses during water vaporisation. This has a 

significant effect on combustion conditions and fundamentally leads to a reduction 

in temperature (Černý et al., 2016). During the combustion of wet fuel, energy loss 

is expected as water must first be removed via evaporation (Bahadori et al., 2014). 

An increase in the MC%, results in an increase in the required temperature and/or 

heating duration, before ignition is achieved (Rogge et al., 1998; Simoneit, 2002; 

Koppejan and Loo, 2008; Guofeng Shen et al., 2013; Bahadori et al., 2014; 

Guerrero et al., 2019). It is assumed that the heat requirement for the evaporation 

of 1 kg of water from biomass is in excess of 2.6 MJ/kg with most dry biomass 

feedstock maintaining a heating value of 18-21 MJ/kg (Svoboda et al., 2009). The 

effect of this process is a reduction in CE, in response to energy loss during water 

vaporisation and lower temperatures within the combustion zone (S. Bhattacharya 

et al., 2002). The process of moisture loss prior to ignition is discussed in Chapter 

6.   

Lower operating temperatures and fuel energy loss are commonly identified during 

the combustion of higher MC% materials (Yuntenwi and Ertel, 2008). Guerrero et 

al. (2019) presents a reduction in CE from 93% and a maximum temperature of 

537°C to 49% and a maximum temperature of 236°C when the MC% was 

increased from 0% to 25%. G. Shen, Tao, et al. (2012) identifies a connection 

between fuelwood moisture content and reduced combustion temperatures due to 

energy losses during the vaporisation phase. Bhattacharya et al. (2002) reported a 

reduction in cookstove CE between 20-43% when the MC% is increased from 10-

25%. Similarly, Kumar et al. (2013) identifies an average reduction in efficiency 

between 3-7% when the moisture content of fuelwood was increased from 10-25%. 

Additionally, combustion conditions are noted to vary across the duration of a batch. 

High MC% fuel samples are therefore likely to show inhibited ignition conditions 

however, following drying, the material is likely to combust similar to dry fuel 

(Orasche et al., 2013). Evidence of the effect of MC% is also likely during prolonged 
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stove operation where temperature variation, in accordance with MC%, may be 

exacerbated over a prolonged operating period due to energy losses and the 

cooling effect of water within the combustion chamber. The effect of higher 

combustion temperatures also results in a higher burning rate; as a result, the use 

of high MC% fuel results in a lower rate of combustion (Purvis et al., 2000). MCE is 

often used as an indicator for CE and is adversely effected by the moisture content. 

The reduction in MCE, and therefore CE, is often identified by an exponential 

increase in CO and an exponential decrease in CO2 with an increase in MC% 

(Possell and Bell, 2012).  

The use of fuels maintaining a very low MC% inhibited combustion conditions. 

Fuels maintaining a very low MC% are generally consumed at a higher burning rate 

than wet fuels (Price-Allison et al., 2021). This is due to higher combustion 

temperatures and low energy losses during the drying phase. The problem 

generally arises when the burning rate reaches a point where there is an 

exceedance in the air supply to the reaction. This insufficient air supply can result in 

the formation of an oxygen deficiency within the combustion chamber thereby 

inhibiting CE and subsequently affecting pollutant formation (Rogge et al., 1998; G. 

Shen, Wei, et al., 2012). Therefore MC% may be applied as a control to improve 

CE (Yuntenwi and Ertel, 2008). Alternatively, Shen et al. (2017) shows limited 

variation in the combustion condition when varying moisture between 10-30%. 

2.9.2  Moisture and Combustion Conditions 

Moisture has been shown to affect the combustion characteristics in residential 

heating and cooking appliances. This process is observed for a variety of fuel 

resources including coal, lignite (Man et al., 2015), crop residues (Possell and Bell, 

2012) and woody biomass including fuelwood. As previously stated, this process 

occurs in response to lower combustion temperatures resulting in processes of 

incomplete combustion. The effect of increased moisture content results in a lower 

combustion efficiency leading to the formation of higher quantities of incomplete 

combustion products. This occurs when energy is lost during the vaporisation 

process (Simoneit, 2002). Furthermore, the presence of vapourised water within the 

combustion zone is believed to further affect temperature via change to the relative 

humidity as well as affecting condensation processes (Shen, Wei, et al., 2012; 

Magnone et al., 2016). The presence of MC% is believed to be significant after a 

real-world study undertaken in New Zealand revealed that MC% accounted for 43% 

of the variability in emissions (Wilton and Bluett, 2012). 
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2.9.2.1 Negative Impact of MC% on Emissions 

It is generally agreed that the combustion of high moisture fuels results in an 

increase in emissions. Regarding particulate formation; Shen et al. (2010) identifies 

MC% as the principal control on emission formation accounting for between 63% 

and 83% soot concentration variability. Guofeng Shen et al. (2013) determined an 

increase in PM from 3.4 g/kgfuel to 4.1 g/kgfuel when the MC% was increased from 

14% to 27%. Similarly, Purvis et al. (2000) reported a reduction in PM emissions 

from 10.29 g/kgfuel to 4.24 g/kgfuel when the moisture content was reduced from 30% 

to 22%. Furthermore, Magnone et al. (2016) identifies a 275% increase in PM 

emission concentrations when the moisture content was increased from 10.34% 

(1.07 g/kgfuel) to 56.31% (4.02 g/kgfuel). This occurs in response to energy loss 

during the vaporisation phase contributing in maximum flue gas combustion 

temperatures of 505°C in contrast to a maximum temperature of 562°C observed 

when dry fuelwood was burned. A study undertaken by Butcher and Sorenson 

(1979) generally identify an increase in the particulate emission concentration with 

other variables including draft and fuel load also maintaining an influence on 

pollutant formation. Guerrero et al. (2019) identifies an increase in PM2.5 and PAH 

emission concentrations from 2.01 to 22.9 g/kgfuel and 5215 to 7644 ng/g 

respectively when the moisture content of eucalyptus fuelwood was increased from 

0% to 25%.  

As previously stated, when wet fuelwood is added to a hot grate the combustion 

reaction is slowed leading to a drop in temperature and the formation of pollutants 

derived from incomplete combustion. It should however be stated that once the 

moisture has been evaporated from the fuel it will burn in a manner similar to a drier 

particle. Chomanee et al. (2015) shows this where a wet particle (MC% = 37.4%) 

and a dry particle (MC% = 76.6%) produced 23.35 mg/m3 and 47.54 mg/m3 during 

peak combustion. This was then stabilised following prolonged heating where the 

wet particle produced a PM concentration of 4.57 mg/m3 and the dry produced a 

concentration of 3.65 mg/m3. This occurs as the level of incomplete combustion is 

reduced as the remaining water within the fuel particle is lost. A summary of the 

effect of MC% on PM emission is presented in Figure 2.7. 
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 Figure 2.7   Effect of moisture content on PM emission factor values within 
the literature (1) (Guerrero et al., 2019), (2) (Guofeng Shen et al., 2013), (3) 

(Purvis and McCrillis, 2000), (4) (Magnone et al., 2016), (5) (Wilton and Bluett, 
2012), (6) (Shelton and Gay, 1986), (7) (G. Shen, Wei, et al., 2012), (8) 

(Mitchell et al., 2016), (9) (Yuntenwi and Ertel, 2008). Dashed lines identify 
the ideal fuel MC% in accordance with Ready to Burn certification. 

Fuel moisture content can also affect the particulate size distribution following 

combustion. When low moisture fuelwood is burned the temperature within the 

combustion zone is generally higher and so the conditions for producing smaller 

particles are generally more favourable (Guofeng Shen, Wei, Wei, et al., 2012). The 

chemical composition of soot is also noted to change depending upon MC%. 

Guofeng Shen et al. (2013) determined that the fraction of OC was shown to 

increase from 1.7 g/kgfuel to 4.3 g/kgfuel as the fuel MC% was increased. Higher OC 

values are likely caused by lower combustion temperatures which inhibit the 

oxidation of the volatile fraction into CO2. Similarly, Magnone et al. (2016) reported 

a lower OC fraction when burning dry fuelwood (29.15 mg/m3) compared to wet 

fuelwood (39.06 mg/m3). Similarly, van Zyl et al. (2019) shows a decrease in the EC 

fraction of soot produced during the combustion of wet fuelwood. Furthermore, 

Tissari et al. (2019) shows a reduction in BC emissions by a factor of 1.8-2.8 when 

the fuelwood moisture was increased from 11% to 18%. However, the combustion 

of wet wood maintaining a higher MC% of 28% revealed an increase in BC and OC 

but the concentration remained less than that observed during dry fuelwood 

combustion. The formation of EC occurs in response to combustion temperature. 

As a result, the combustion of wet fuel, at a lower temperature, will always result in 

lower EC formation as identified in Guofeng Shen et al. (2013)  
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The effect of moisture content on gaseous emissions is also investigated within the 

literature. Like with PM formation, the effect of reduced combustion temperatures 

results in an increase in gaseous pollutant formation when the fuel moisture content 

is increased. Bhattacharya et al. (2002) shows an increase in CO and NOx and a 

decrease in CO2 when the fuel MC% was increased. CO and NOx is shown to 

reduce due to lowered oxidation rates under lower combustion temperatures, the 

CO2 concentration was reduced due to the smaller quantity of fuel available to the 

combustion reaction on a dry basis. The formation of CH4 remained unaffected by 

the moisture content. van Zyl et al. (2019) identifies an increase in CO by 84%, 

formaldehyde by 216% and benzene by 82% when fuelwood moisture content was 

increased from 5% to 25% in a cookstove appliance. In addition, Tissari et al. 

(2019) presents an increase in CO emissions when the MC% of fuelwood, applied 

in a sauna stove, was increased. In the study the CO concentration increased by a 

factor of 1.15-1.35 when the MC% was increased from 11% to 18%.     

Variation in the impact of MC% throughout the combustion process is highly likely. 

The process of combustion is dynamic meaning that the inherent moisture content 

of a fuel particle prior to ignition will not be the same following exposure to the 

heated grate (Zhao et al., 2021). The impact of moisture is also apparent during 

flaming and smouldering phases of combustion. Bignal et al. (2008) presents 

generally higher soot formation during the flaming phase and lower concentrations 

during the smouldering phase. The soot concentration was reduced from 352 

mg/m3 to 50 mg/m3 during flaming combustion and from 131 mg/m3 to 45 mg/m3 

during smouldering combustion when the moisture content was reduced from >40% 

to <25%. As a result, considering only the initial MC% may be a shortcoming when 

attributing a relationship between fuel properties and emission performance. Zhao 

et al. (2021) identifies a gradual reduction in the fuel particle moisture content 

following heating which results in an increase in the combustion temperature and 

improved MCE. In response, the effect of fuel moisture content should be 

considered dynamic due to the effect of moisture loss during heating. Assessing a 

fuel particle based on the inherent moisture content may be considered a 

methodological limitation. 

2.9.2.2 Positive Impact of MC% on Emissions 

The presence of some moisture within a combustion reaction is also believed to be 

beneficial. A sufficient MC% concentration within a fuel particle allows for the 

suppression of the pyrolysis reaction. The use of very dry fuel particles may lead to 

processes of pyrolysis far from the flame as, with a reduced drying period, volatile 

loss occurs more readily. A combination of volatile loss and char combustion away 
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from the combustion zone results in incomplete combustion (Smith, 1987; Yuntenwi 

and Ertel, 2008). The presence of moisture within a fuel particle may therefore 

control and localise the combustion zone thereby reducing the escape of volatile 

components before burnout is complete (Yuntenwi and Ertel, 2008). Additionally, 

the presence of water vapour within the combustion zone may provide additional 

OH radicals which promote the combustion reaction (Baldwin, 1987). Furthermore, 

regarding soot formation; it is possible that an increase in fuel MC% reduces flame 

temperature away from the ideal condition required for PAH formation (Korenaga et 

al., 2001).  

Huangfu et al. (2014) provides evidence for a negative correlation between fuel 

MC% and pollutant formation. An increase in the fuel moisture content resulted in a 

reduction in PM and CO emissions leading to an improved combustion efficiency. 

PM emission concentrations reduced from 581.7 mg/MJ to 194.8 mg/MJ when the 

MC% was increased from 5.9% to 22.1%. The occurrence of this negative 

correlation is the result of the type of combustion appliance operated in the study. 

The device, a top-lit natural-draft semi-gasification cookstove burning pelletised 

fuel, operated more efficiently during the combustion of wet fuel as the reaction was 

slowed leading to a prolonged residence time. The prolonged residence time and 

secondary air feeding system contributed in more complete combustion. 

Additionally, when using gasification-type combustion appliance the presence of 

water vapour within the gas products affects the chemistry of the reaction via water 

shift reactions thereby increasing the hydrogen content (OH radicals) of the 

synthesis gas (Acharjee et al., 2011). This process is not likely during the 

combustion of fuelwood particles in stove appliances. Similarly, L’Orange et al. 

(2012) improved combustion conditions resulting in a reduction in CO and PM 

emissions when the MC% was increased from 4%, to 7% and to 13%. An increase 

in emissions was only observed when very wet fuelwood maintaining an MC% of 

30% was applied to the cookstove appliance.    

Yuntenwi and Ertel (2008) identified a reduction in the emission of CO when a 

moderate MC% fuelwood was applied to a cookstove appliance. This process was 

found to be affected by other parameters within the study and was related to 

cooking pot placement and air availability controlled by the cookstove structure. 

Additionally, fuelwood combusted in an open fire with a moisture content of 15% 

produced low PM emission concentrations with a small increase observed at 5% 

moisture and a large increase observed at 30% moisture. A reduction in PM 

emission was also observed with an increase in fuel MC% in two cookstove 

appliances. 
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2.9.2.3 Complex Interaction 

The impact of MC% of emissions is complex and it is difficult to discern a clean 

conclusion from within the literature (Tissari et al., 2019). Variation in MC% can 

lead to differences in efficiency and emissions. Evidence within the literature 

suggests that an increase in MC% leads to an increase in pollutant formation. 

Alternatively, it is possible that the combustion of very dry fuelwood can also lead to 

increased emissions. Several studies have highlighted this process whereby very 

low and very high moisture fuels lead to poor combustion quality while a moderate 

amount of moisture, often around 20%, leads to improved combustion quality 

(Korenaga et al., 2001; Tissari et al., 2019).  

This process is presented by Wilton and Bluett (2012) where the combustion of 

fuelwood maintaining a MC% of 10-20% and 30-40% lead to higher emissions while 

fuelwood with a MC% of 20-30% lead to lower emissions. The effect of MC% is 

therefore likely parabolic. Additionally, the work undertaken by L’Orange et al. 

(2012) presents a similar parabolic function whereby the combustion of dry 

fuelwood (<10%) and wet fuelwood (30%) produce higher emissions that fuelwood 

maintaining a moderate MC% (13%). A similar trend is presented by Tissari et al. 

(2019). Figure 2.8 shows this process for the three authors. The guidance provided 

by HETAS via the Ready to Burn scheme also identifies a similar process where 

fuelwood with a MC% less than 8% and more than 25% should not be burned while 

an ideal moisture content is likely within the range of 10-20% (HETAS, 2018).      
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 Figure 2.8   The parabolic effect of fuel MC% on particulate emission factor 

(Wilton and Bluett, 2012) and particulate concentration mass in mg and 
mg/Nm3 (L’Orange et al., 2012; Tissari et al., 2019) 

2.10  Legislation and Control of Fuelwood 

As this thesis progressed, the research was able to contribute to legislative 

changes to control the sale and consumption of high moisture fuels within the UK. 

Ready to Burn is a commercial certification scheme designed to limit the sale of 

fuelwood and biomass briquettes subject to moisture content. The scheme is 

outlined within The Air Quality (Domestic Solid Fuels Standards) (England) 

Regulations (2020) provides certification for fuel suppliers who meet fuel current 

moisture standards (Woodsure, 2021a). Under the scheme, and associated Air 

Quality Regulation, fuelwood sold is volumes up to 2 m3 should not maintain a 

moisture content in excess of the established prohibited level of 20%. Fuelwood 

sold in quantities larger than 2 m3 requires the supplier to provide advice to the 

consumer on seasoning prior to combustion (Woodsure, 2021b). Figure 2.9 shows 

the identification for fuelwood sold inline within the Ready to Burn criteria. The 

Ready to Burn scheme is also outlined within the Clean Air Strategy 2019. 
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 Figure 2.9   Logo of Ready to Burn scheme, UK (Woodsure, 2021b)   

The Clean Air Act (1993) prohibits the emission of dark smoke from a residential 

chimney however it does not stipulate fuel conditions relating to moisture. The 

establishment of Smoke Control Areas (SCA) prohibits the use of residential 

combustion appliances in some urban locations. Regarding fuelwood, the 

legislation stipulates that only appropriate and exempted appliances may be 

operated in these locations. These appliances, including wood burning and multi-

fuel stoves, have been exempted under the Clean Air Act (1993) subject to 

sufficient testing and DEFRA approval. Furthermore, fuelwood burned on DEFRA 

approved appliances within SCA locations should meet Ready to Burn criteria. This 

is further supported by the Clean Air Plan for Wales (Griffiths, 2020) and the Clean 

Air for Scotland 2 strategy (McAllan, 2021). 
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Chapter 3 

Experimental Methodology and Design 

3.1  Combustion Experiments  

3.1.1  Combustion Appliance 

Combustion testing was undertaken using a HETAS approved Waterford Stanley 

Oisin multifuel heating stove. The appliance is not DEFRA approved meaning that it 

has not been certified for use in smoke control locations. The same stove has been 

used in previous studies providing a comparable inventory of different fuels and 

combustion conditions (Mitchell et al., 2016; Phillips et al., 2016; Price-Allison et al., 

2019; Maxwell et al., 2020). An image of the appliance is presented in Figure 

3.1a,b. The appliance is representative of common domestic combustion 

appliances used within the UK maintaining a nominal radiant heat output of 5.7 kW 

and a thermal efficiency of 79% during the combustion of fuelwood. The stove is a 

medium-sized cast-iron appliance maintaining a gross weight of 74 kg and external 

dimensions of 535 mm, 408 mm and 415 mm (H, W, D). The internal dimensions of 

the firebox are 250 mm, 270 mm and 190 mm (D, W, D) (Mitchell et al., 2016). An 

internal deflector plate creates two separate combustion zones within the device. 

Primary and secondary combustion zones maintain a volume of 8×10-3 m3 and 

1.4×10-3 m3 providing a residence time of 0.9 s and 0.2 s respectively (Atiku et al., 

2016). A series of refractory firebricks are positioned across the rear and side faces 

of the firebox for the purpose of increasing thermal insulation and inhibiting 

corrosion. 
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Figure 3.1  (a) External image of Waterford Stanley Oisin stove appliance during 
operation and (b) internal configuration of the device during fuel loading 

including ashpan and fire-fence 

Primary air was supplied to the firebox via an air control damper located on the 

stove door below the fixed grate. The extent of the air supply was increased by 

turning the damper in a counter-clockwise direction. During combustion 

experiments the air inlet was opened to 10 mm by means of the manual damper. 

The air availability was not adjusted throughout the experimental procedure or 

across the individual combustion cycle. The fixed grate encompasses a total area of 

a 

b 
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616 cm2. A slotted proportion of the grate, maintaining an area of 314 cm2, allows 

for air flow while an interconnected rocker mechanism allows for deashing. A detail 

description of the grate design is provided in Mitchell et al. (2016). Figure 3.1b 

presents the internal configuration of the stove during fuel loading.   

A 300 mm riser was applied at the top of the stove above which a 125 mm ID twin-

skin flue was fitted. A series of sampling ports were installed approximately 1430 

mm above the top of the firebox for gaseous emission sampling and particulate 

emission sampling as well as for the monitoring of differential pressure and flue gas 

temperature. The flue was located directly below a collection hood which was 

connected to both the dilution tunnel and extraction system.   

3.1.2  Stove Operational Procedure  

Stove testing was performed following a method similar to BS EN 13240 for a 

heating stove burning under nominal intermittent conditions. A pre-test batch of fuel 

was placed across the bottom grate in a manner designed to ensure reproducibility 

of ignition. The fuel pack was ignited using a mixture of firelighters and kindling with 

the placement designed to ensure repeatable start-up conditions. The pre-test 

batch was identified as complete when the mass of fuel and ash remaining in the 

stove reached a specified mass. A series of subsequent test batches were applied 

to investigate the repeatability of results under hot start conditions. The number of 

hot-start tests varied between two and five. Each of the fuels were investigated 

across a minimum of two combustion series. A reload point was determined for 

each of the hot-start test batches based upon the mass of unburned fuel and ash 

residue remaining within the stove. The reload points for each batch were 

maintained across testing series. The operation of the stove and placement of the 

fuel was designed to ensure repeatability of results and uniform combustion of the 

fuel pack.     

The required mass of each fuel batch is subject to the fuel moisture content and is 

calculated from the nominal stove heat output, the recommended refuelling period, 

the stove efficiency and the fuel LHV (kJ/kg). The appliance specifications are as 

follows: the rated room output is 5.7 kW, the net efficiency is 79.4% and the refuel 

period is 0.75 hours during fuelwood combustion. Calculating and pre-weighing the 

fuel material will allow for similar masses of fuel on a dry basis to be applied within 

the stove thereby negating the effect of variable moisture content. The batch 

requirement is calculated as per BS EN 13240-2001 + A2:2004 with the method 

presented in Equation 3.1. Figure 3.2 presents the effect of MC on the required 

fuel mass loading in accordance with standard operating practice.  
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(𝟑. 𝟏)     𝐵𝑓𝑙 =
(3.6 × 105 × 𝑃𝑛 × 𝑇𝑏)

(𝐻𝑢 × η)
 

Bfl  is the mass of fuel load, in kg 

Pn  is the nominal heat output, in kW 

Hu  is the lower calorific value of the test fuel, on a fired basis, in kJ/kg 

Η  is the minimum efficiency according to this appliance standard or a higher value 

declared by the manufacturer, in % 

tb  is the minimum refuelling interval, in hours, or duration as declared by the 

manufacturer   

 

Figure 3.2  Variation in Bfl requirement (kg) and LHV (MJ/kg) dependent upon 
fuelwood moisture content.   

3.2  Combustion Testing Facility  

A diagram of the combustion facility design in presented in Figure 3.3. A 2D 

schematic of the combustion rig is also shown in Figure 3.4. The stove was 

mounted upon a mass balance [Kern, DE 300k5DL] to record the mass of fuel. A 

series of K-type thermocouples were placed around the stove to measure the 

temperature of the stove body and surrounding surfaces. Additional thermocouples 

were placed inside the stove to measure the temperature of the bottom grate and 

the combustion chamber. Thermocouples were placed in the flue to measure flue 
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gas and diluted gas temperature. A precision manometer device [Furness Controls, 

FCO560 or Wohler, DC100] was used to measure the differential pressure (dp) 

across an S-type pitot tube positioned in the flue. The manometer also measured 

ambient barometric pressure within the laboratory. Experimental data (from the 

balance, thermocouples and manometer) was acquired using a LabVIEW [National 

Instruments] data acquisition and control system at a sample rate of 1 Hz. Sample 

gas was analysed in real-time using a Fourier-transform infrared (FTIR) 

spectrometer [Gasmet, DX4000]. Following sampling and passing through the FTIR 

spectrometer, the exhaust gases were condensed in deionised water via an 

impinger. Additional online gas analysis was undertaken using a series of 

electrochemical sensors located in a dilution duct which was designed in 

accordance with BS EN 13240 and NS 3058. Particulate sample material was 

collected using three methods which included size defined collection via impaction 

under diluted conditions, gravimetric collection at 70 ºC within the flue and 

gravimetric collection at room temperature within the flue (PM sampled via a non-

heated filter).      
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Figure 3.3  Diagram of the combustion facility  
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Figure 3.4  2D schematic of combustion rig indicating points of sampling, sampling 
line ( ̶  ̶ ̶) and DAQ acquisition (- - -). TC1 is the average grate temperature, 

TC2 is the flame temperature, TC3 is the flue gas temperature and TC4 is the 
dilution tunnel temperature.   



- 78 - 

3.2.1  Gaseous Emission Sampling   

3.2.1.1  Fourier Transform Infrared (FTIR) Analysis 

Gaseous emission monitoring was undertaken within the flue 1430 mm above the 

top of the firebox via Fourier Transfer Infrared (FTIR) spectroscopy using a Gasmet 

DX4000 instrument. FTIR is an instrumentation technique allowing for the 

determination of organic and inorganic compounds within a gaseous mixture by 

measuring their absorption of infrared radiation across a range of wavelengths 

(Berna, 2017). During sampling a beam of light is generated and subsequently split 

by a Michelson interferometer. The first beam fraction is sent to a fixed Zinc 

selenide (ZnSe) mirror while the second fraction is sent to a motorized moving 

mirror; both beams are then recombined before passing through the gaseous 

sample. A signal interferogram is generated when the recombined beam of light is 

reflected into a Peltier-cooled detector. This process is undertaken prior to 

combustion testing and emission sampling thereby providing a background 

interferogram. Following Fourier transformation and background subtraction an 

absorption spectrum is generated. Chemical compounds absorb light at different 

wavelengths depending upon the types of atoms and chemical bonding present. 

The following gaseous species were monitored during combustion testing; CO2, 

CO, N2O, NO, NO2, SO2, NH3, HCl, HF, CH4, C2H6, C2H4, C3H8, C6H14, CH2O, C6H6, 

C2H2, C2H4O2, C5H4O2 and HCN.  

Gaseous emission sampling was undertaken under pre-diluted conditions within the 

flue throughout the combustion experiment. The flue gas sample was extracted 

using a portable sampling system with a pump [PSS, Gasmet] connected to a 

stainless-steel heated probe operating at 180 ºC [PSP4000-H, M&C]. The probe 

included a 0.1 µm sintered stainless-steel filter element for removing particulate 

matter from the sample matrix prior to analysis. A second phase of filtering was 

undertaken using a 0.1 µm PTFE filter element within the Portable Sampling Unit. 

The rate of flue gas sampling was 10 L/min with gas sampled for a total of 57 s 

followed by a 3 s analysis period. Independent O2 concentrations were measured 

using a zirconia (ZrO2) sensor located within the PSS. The ZrO2 sensor range was 

0.1–25 vol-% with an error of ±2%. Sample gas was transferred throughout the 

FTIR system using PTFE lines heated to a nominal temperature of 180 ºC. 

Following sampling and analysis, the exhaust gases were condensed in deionised 

water via an impinger.    

The FTIR and PSS sampling system where serviced annually by the manufacturer. 

Additionally, leak checks, gas purging and equipment cleaning were undertaken to 

limit contamination by laboratory air and previous experiments. The associated 
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errors for some of the analysed gases are 6.5% for CO, 5.6% for NO, 9.2% for SO2, 

6.0% for water vapour and 6.1% for CH4 (MCERTS, 2016).    

3.2.1.2  Electrochemical Analysis 

Gaseous emission monitoring was undertaken within the dilution tunnel using a 

series of electrochemical sensors and a Testo 340 industrial flue gas analyser. The 

Testo 340 device applies ion-selective potentiometry as a method of determining 

gaseous emission composition by means of a series of electrodes located within an 

electrolytic matrix specific for the determination of a particular species (Testo, 

2020). Emission species monitored using this method included O2, CO2, CO, NO 

and NO2. The accuracy (calibration range) of the electrochemical sensors was 

±0.2% for O2, ±0.2% for CO2, ±10% for CO, ±5% for NO and ±5% for NO2. 

Emission monitoring was undertaken at a sampling flow rate of 0.6 L/min 

throughout the combustion experiment by means of a 335 mm stainless steel probe 

housed within the dilution tunnel. A PTFE filter element was placed within the 

sampling probe to reduce the risk of instrumentation damage by particulate 

emissions and moisture. The logging rate was variable between experiments but 

was nominally applied at a rate of 1 Hz (1 S/s). In addition, the Testo 340 

instrument was applied as a method of determining the dilution ratio for the dilution 

tunnel. The dilution ratio, or dilution factor (DF), was calculated as a function of the 

CO concentration (ppm) in the dilution tunnel (CODT) and in the flue (COF) or the 

ratio between the Testo 340 (COTesto) and the DX4000 FTIR (COFTIR) as shown in 

Equation 3.2.        

 

(𝟑. 𝟐)    DF =
𝐶𝑂𝐷𝑇

𝐶𝑂𝐹

𝑜𝑟
𝐶𝑂𝑇𝑒𝑠𝑡𝑜

𝐶𝑂𝐹𝑇𝐼𝑅

   

The Testo 340 and sampling system where periodically serviced by the 

manufacturer. Additionally, leak checks and equipment cleaning were undertaken to 

limit contamination by laboratory air and previous experiments.  

3.2.2  Particulate Emission Sampling   

3.2.2.1  PM10 Impactor 

Soot sampling was undertaken under dilution using a heated (30ºC) impactor 

[Dekati, PM10] with a pump and flow controller [Bronkhorst, Mass View] at a 

sampling rate of 10.0±0.1 L/min. The applied device was a three-stage cascade 

impactor allowing for the collection of particles based upon the following mass size 
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distributions: ≥10 μm, 2.5-10 μm and 1.0-2.5 μm. Cascade impaction operates on 

the process of curvilinear motion where entrained particles within a streamline are 

separated based upon their specific gravity and the impact velocity of the gas 

stream at each phase of the impactor (Maheshwari et al., 2018). In principle, 

particles are sampled from the dilution tunnel before entering the impactor. The gas 

flow passes through a series of impaction plates designed for the separation of 

particles by size fraction. The sorting of particles by aerodynamic separation 

involves the application of nozzles maintaining a reducing diameter at each phase 

of the impactor construct (Brouwer et al., 2014). The smaller the nozzle size at a 

specific flow volume leads to an increase in the gas flow velocity. As the flow 

velocity is increased larger particles maintaining a higher inertia are more likely to 

collect on the impaction plates while smaller particles with a lower inertia may flow 

around the plate thereby remaining entrained within the diverted streamline 

(Finlayson-Pitts and Pitts, 2000). The impaction plate causes significant disruption 

or bending to the streamline causing the ejection of particles of a specific inertia 

from the gas flow (Ali, 2010). Figure 3.6 presents the method of particle 

entrainment and deposition based upon particle properties. The size classified 

particles are then impacted upon a collection matrix or substrate. Equation 3.3 

presents the process of particle separation and subsequent impaction as identified 

in Finlayson-Pitts and Pitts (2000). Figure 3.5 is an example of the PM collection 

obtained during the combustion of fuelwood. 

 

(𝟑. 𝟑)    η =
D2 × V × ρ

18 × μ × 𝐷𝑏

   

D  is the soot particle diameter 

V  is the flow velocity of the sampled combustion gas and air matrix   

ρ  is the soot particle density 

μ  is the viscosity of the sampled combustion gas and air matrix   

Db  is a constant relating to the physical properties of the impactor relating to the 

processes of divergence from the air flow streamline 

 

 

 

 

 

 



- 81 - 

 
Figure 3.5  Soot sample material collected via impaction during the combustion of 

fuelwood. Sample material is collected on greased aluminium foils for particle 
size distribution ≥PM10, PM2.5-PM10 and PM1-PM2.5 (left). Soot sample material 

of size distribution <PM1 is collected upon a micro-quartz filter paper (right). 

Particulate emissions were collected on 25mm greased aluminium foils for size 

fractions of ≥PM10, PM2.5-PM10 and PM1-PM2.5 μm [CFG-225, Dekati]. A 47 mm 

Polytetrafluoroethylene (PTFE) backup filter with a pore size of 0.2 μm [10411411, 

Whatman] or 50 mm micro-quartz backup filter with a pore size of 0.3 μm [RF-360-

050, Gilson] was applied to collect PM emissions below PM1 μm. Filter preparation 

and weighing was undertaken in accordance with BS EN 13284-1: 2002. Total soot 

(PMt) concentration was quantified on a mass basis and is calculated as the sum of 

each phase of particle collection (PMt = ≥PM10 + PM2.5-PM10 + PM1-PM2.5 + <PM1 

μm). A calculation workbook provided by the supplier [Impactor Processing Sheet 

for Microsoft Excel - Version 1.6, Dekati] was used to calculate PMt concentration 

on a complete batch basis. Similar methods have been previously applied for soot 

collection during the combustion of solid fuels in residential heating appliances 

(Sippula et al., 2007; Stranger et al., 2009; Popovicheva et al., 2016).  
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Figure 3.6  Schematic of Dekati PM10 Impactor operation. Arrows represent the 
directional flow of entrained particulate matter depending upon specific inertia 

and sample density. ● is >PM10, ● is PM2.5-PM10, ● is PM1-PM2.5 and ● is 

<PM1. ⬛ is Impactor inlet/outlet, ⬛ is impaction plate, ⬛ is specific velocity 

nozzle and ⬛ is backup-filter paper. Diagram is adapted from Maheshwari et 

al. (2018) and Finlayson-Pitts and Pitts (2000). 
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3.2.2.2  Direct PMt Flue Sampling  

PMt sampling was undertaken under pre-dilution using a gravimetric smoke meter 

[Smoke Meter, Richard Oliver]: by means of a sampling probe and a heated filter 

holder. Particulate matter sampling was undertaken within the stack approximately 

1430 mm above the top of the firebox. Sampled flue-gas was transferred through a 

heated line at 120°C, to a filter-block (70±5°C) housing containing two filter-sheets 

(Mitchell, Ting, Allan, Lea-Langton, et al., 2019). A heated filter temperature of 

70±5°C was selected so as to allow for the condensation and collection of lower 

volatility organic compounds. A combination of 47 mm glass-fiber filters [10411411, 

Whatman] and 50mm micro-quartz filters [Gilson, RF-360-050] were applied for PMt 

capture with the latter utilized as a method of sample collection for elemental 

carbon (EC) and black carbon (BC) analysis only. PMt sampling was undertaken on 

a temporal basis which was dependent upon fuel type, phase of combustion and 

the rate of particulate loading. 

3.2.2.3  Manual Smoke Pump 

PMt sampling was undertaken under pre-dilution within the stack approximately 

1430 mm above the stop of the firebox using a small manual-suction pump device 

[Smoke Pump, Testo] designed in accordance with DIN 51402 and ASTM D2156. 

The suction pump sampled a fixed flue gas volume of 1.63±0.07 m3 across a 2-5 

second period. Sample flue gas was drawn across a filter media where entrained 

soot particles where fixed. Sampling was undertaken every 2-5 min during selected 

experiments. The device allowed for high resolution sampling of soot from the flue 

for the purpose of optical and colouration analysis only.     

3.2.2.4  Issues Associated with PM Sampling via Gravimetric Filtration  

During PMt sampling and gravimetric analysis a negative particulate mass 

accumulation was sometimes observed following exposure to smoke. Such 

anomalies were also observed when visible sampling had occurred on the filter 

surface. A study by the National Physical Laboratory (NPL) identified a number of 

potential reasons for the loss of mass during stack sampling. The report identifies 

potential losses in filter material during placement of filters within a holder and 

during mechanical manipulation of the material. Such processes can cause notable 

losses of material, a process particularly prevalent when using brittle and laser cut 

filters (Robinson et al., 2007). Such processes can lead to a misrepresentation of 

particle mass accumulation during smoke filtering (Robinson et al., 2007; Charlton, 

2011). Additionally, fibrous and brittle filter application can result in difficulties when 
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attempting to removal of PM sample from a material surface without damaging and 

simultaneously removing a fraction of collection matrix (Mitchell, Ting, Allan, Lea-

Langton, et al., 2019). The use of Teflon (PTFE) filters is identified as a more robust 

method of sampling with a mitigated risk of fiber loss during handling. 

3.2.2.4  Sampling Temperature   

The temperature at which particulate matter is sampled influences the material 

composition. Generally, higher sampling temperatures result in the collection of the 

EC fraction while low temperature sampling results in OC being more dominant 

(Mitchell et al., 2016). Sampling at temperatures which are too high or too low can 

result in the underestimation of overestimation of the OC fraction respectively 

(Schon and Hartmann, 2018). Because of this consideration of the filter 

temperature is required when attributing emission factors of EC and OC fractions 

(Jones et al., 2017). Stove testing standards dictate temperatures of 70°C when 

conducted in accordance with EN 13240 in Europe, DIN-plus in Germany and BS 

PD 6436 in the UK. Alternatively, testing in accordance with NS 3058 in Norway, 

ASTM E2515 in the USA and AS/NZS 4012 in Australia/New Zealand require 

sampling temperatures <35°C (Seljeskog et al., 2013). Additionally, temperatures of 

180°C and 120°C may be applied when sampling undiluted flue gas in accordance 

with VDI 2066 BLATT 10 in Germany/Austria and EPA Method 5H in the USA 

respectively (Nussbaumer et al., 2008; Schon and Hartmann, 2018). When 

sampling diluted flue gas within the Dilution Tunnel a heated filter temperature of 

30°C was selected. This value, in accordance with NS 3058, allows for a controlled 

ambient condition which negates the significant loss of OC fraction often observed 

at higher temperatures (Nussbaumer et al., 2008). Furthermore, the use of the 

Dilution Tunnel system reduces the sample temperature to within the range 

expected at the point of a standard chimney outlet (Schon and Hartmann, 2018). A 

similar use of low temperature is presented in Orasche et al. (2012) during 

combustion testing while the positive impact of low temperature sampling on PAH 

accumulation is shown in (Jones et al., 2017). This procedure is also implemented 

in the recent Ecodesign regulation (EU 2015/1185) whereby a filter temperature at 

ambient conditions is applied.      

3.2.3  Deviation from Standard Methods for Sampling and 

Analysis of Emissions  

Gaseous emission sampling in accordance with Ecodesign directive 2015/1185 

requires the continuous and extractive monitoring of organic gaseous carbon 

(OGC), CO and NOx (Commission Regulation (EU), 2015). NOx is derived from the 
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sum of NO and NO2 and should be expressed as the latter. In accordance with the 

standardised procedure the analysis technique for each species is as follows; OGC 

via flame ionisation detection, CO via infrared detection and NOx via 

chemiluminescence detection. BS EN 13240 outlines the requirement for the 

monitoring of CO, CO2 and O2 however no advise is provided as to the method of 

analysis required (BSi, 2001). As previously stated, gaseous emission monitoring is 

undertaken primarily via FTIR. The use of FTIR provides a number of advantages 

over the advised standardised methods. FTIR is an extractive and continuous 

technique allowing for the simultaneous determination of a series of inorganic and 

organic species observed during flaming and smouldering combustion reactions 

(Stockwell et al., 2016). The fundamental advantage of the technique over that 

suggested in Ecodesign directive 2015/1185 is that it allows for the simultaneous 

monitoring of multiple trace species beyond those outlined within standardised 

testing methods. Additionally, unlike canister sampling techniques, FTIR analysis is 

not subject to the effects of gaseous artifact formation during emission sampling 

and storage given that all molecules within the complex flue gas mixture provide a 

unique infrared signature (Christian et al., 2004). The analysis of gaseous pollutant 

species arising from small-scale residential combustion appliances via FTIR has 

been successfully demonstrated within the literature and previous work (Hedman et 

al., 2006; Tissari et al., 2008; Stockwell et al., 2016; Sevault et al., 2017; Maxwell et 

al., 2020; Price-Allison et al., 2019; Mitchell et al., 2020).  

The analysis of gaseous emissions via electrochemical sensors is undertaken 

under dilution for the purpose of identifying a dilution factor only.  

3.2.4  Data Acquisition and Analysis: National Instruments cDAQ 

and LabVIEW System   

A National InstrumentsTM Compact DAQ (cDAQ) 4-slot USB chassis [cDAQ-9174] 

was applied as a method of instrumentation control and online data acquisition. The 

output voltage signal was recorded at a rate of 1 cycle per second (cps) or 1 Hz (1 

S/s) under high-resolution operation mode throughout the experimental procedure. 

Instrumentation interfacing via the cDAQ system was achieved by incorporating a 

16-channel thermocouple interface card [NI-9213] and 8-channel ±10 V 12-Bit 

analogue AI module [NI-9201]. The instrument error associated with the NI-9213 

thermocouple module is 0.02 ºC. The acquisition instrument error associated with 

the NI-9201 ±10 V module is 1.23% assuming an uncalibrated range of 10.53 V. 

The complete cDAQ, NI-9213 and NI-9201 assembly is shown in Figure 3.7. 
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Figure 3.7  Instrumentation and configuration of National Instruments hardware for 

data logging and control during combustion experiments. The set-up includes 
[1] cDAQ-9174, [2] NI-9201, [3] NI-9213, [4] DIN rail, [5] USB-b connection. [6] 

thermocouple input, [7] coaxial input and [8] power supply. 

Control and data acquisition for the combustion facility was undertaking using a 

custom LabVIEWTM platform with USB and RS-232 communication between the 

cDAQ, or independent instrumentation, and a laboratory PC computer. 

Thermocouple control and logging was undertaken using the cDAQ with NI-9213 

module via a DAQ Assistant virtual instrument (VI). The control and logging for the 

precision manometer [FCO560] was undertaken using the cDAQ with NI-9201 

under a DAQ Assistant VI and with additional control from an independent software 

[Furness Controls, FBus Utility] with communication via a direct RS-232-PC 

interface. Fuel weight and mass loss was recorded using a modified KernTM VI 

[KernTM DS Waage v1.0] within the LabVIEWTM platform with communication via a 

direct USB-PC interface. Optical recording of the combustion experiment was 

undertaken using a small webcam device under a Vision Acquisition Express VI 

and logged at a rate of 1 cycle per min (cpm) or 0.02 Hz. Figure 3.8 shows the user 

interface for the combustion testing facility as designed within the custom LabVIEW 

platform. 
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Figure 3.8  User interface front-panel of LabVIEW combustion testing platform 
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3.2.4.1  Combustion Temperature 

Combustion temperature data was recorded at a rate of 1 Hz throughout the 

experimental procedure. Earlier works utilized a thermocouple data logger [Picolog, 

TC-08] maintaining an accuracy of 0.2%. Subsequent upgrades replaced this unit 

with a NI-9201 module maintaining an accuracy of 0.02 ºC which was integrated 

within the LabVIEWTM platform. An array of insulated stainless-steel K-type 

thermocouples where applied for temperature monitoring within the combustion 

appliance, dilution tunnel and surrounding trihedron. A 5 mm thermocouple was 

situated within the stack approximately 1430 mm above the stove appliance for the 

purpose of monitoring flue gas temperature at the point of gaseous emission 

sampling. In addition, a series of 3 mm thermocouples were positioned inside the 

firebox, upon the grate and at 150 mm above the grate within the flame phase. The 

temperature at the point of PMt sampling within the dilution tunnel was also 

recorded. Finally, the external surface temperature of the firebox and surrounding 

temperatures within the trihedron were monitored to observe changes in the heat 

output. Figure 3.9 identifies the positions of temperature monitoring across the 

testing rig. 
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Figure 3.9  Positions of temperature monitoring across the combustion rig and 

dilution tunnel system. Thermocouple placement is presented as follows: ❌ 

is grate and flame temperature, ❌ is top of stove temperature, ❌ is 

trihedron temperature, ❌ is flue gas temperature and ❌ is dilution gas 

temperature. 

Given the likely correlation between flue gas temperature and the combustion 

temperature within the firebox the former is often applied as a proxy for reaction 

temperature (Alves et al., 2011; Fachinger et al., 2017). Figure 3.10 shows a 

regression analysis between flue gas temperature (x), grate temperature (y1) and 

flame temperature (y2) sampled during the combustion of a variety of fuels. A weak 

positive correlation (R2 = 0.31) is shown between flue gas temperature and average 

grate temperature. A strong positive correlation (R2 = 0.84) is shown between flue 

gas temperature and flame temperature. The flue gas temperature may therefore 

be applied as a proxy for the combustion temperature in the flame/gas phase 

however a poor representation of grate temperature is indicated. Grate temperature 

is difficult to monitor using thermocouples given the dynamic nature of fixed-grate 

combustion.     
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Figure 3.10  Suitability of flue gas temperature as a proxy for the internal 
combustion temperature of the appliance firebox. A liner correlation coefficient 

is presented between flue gas temperature and the internal firebox 
temperature (flame temperature, grate temperature) (n = 46,285). The grate 
temperature is presented as an average temperature of all thermocouples 

located on the grate. 
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3.2.4.2  Fuel Burning Rate 

Fuel mass loss (kg) was measured by means of a Kern [DE 300K5DL] platform 

mass balance. The load cell maintained an instrument error of ±10 g and a mass 

resolution of 5 g. Mass loss sampling was undertaken by means of the LabVIEW 

platform at an acquisition rate of 1 Hz (1 S/s). The burning rate (kg/hour) was 

derived from the difference is fuel mass (Δm) observed across a specific period of 

analysis (Δt). Equation 3.4 provides the method of calculating the burning rate. 

 

(𝟑. 𝟒)    kg/hour =  
∆𝑚

∆𝑡
  

The average rate of fuel conversion was calculated on a complete batch basis 

thereby incorporating aspects of ignition, flaming combustion and smouldering. The 

average rate was used for comparison between different fuels, operational 

processes and experiments by other authors. In addition, the burning rate was 

calculated at the rate of fuel mass acquisition, 1 Hz or 1 S/s, to observe variation in 

the rate of fuel conversion throughout the combustion cycle. Data processing via an 

adjacent averaging technique was applied as a method of smoothing noise within 

the burning rate profile with noise occurring in response to instrumentation error 

and the sampling resolution of the load cell device. 

3.2.4.3  Flue Gas and Volumetric Flow Rate 

Differential Pressure (dp) was measured within the flue approximately 1430 mm 

above the firebox by means of an S-type pitot-tube. In earlier works, a Wohler 

[DC100] differential pressure computer was used to measure dp within the flue at a 

rate of 0.5 S/min. The instrument maintained a sampling resolution of 0.01 Pa and 

an error of ±5%. In later works a precision manometer [Furness Controls, FCO 560] 

was applied for monitoring dp within the flue at a rate of 1 S/s. The FCO 560 unit 

maintained a sampling resolution of 0.01 Pa and an error of 0.03 Pa. The 

barometric pressure (P) within the lab was also recorded by both the FCO 560 

precision manometer and GX4000 FTIR as the absolute pressure.   

The method of calculating flue gas velocity (vi) from dp varied between 

instrumentation. Equation 3.5 presents the method of determining vi in accordance 

with BS EN ISO 16911-1. 
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(𝟑. 𝟓)    𝑣𝑖 = 𝛼 × √(
2 × 𝑑𝑝

𝜌
) 

ɑ  is the Pitot tube coefficient and a constant which includes a Pitot tube correction 

factor that is specific to the type and design of the device. The ɑ value for the S-type pitot 

tube us 0.84. 

dp  is the flue gas differential pressure at the measurement point that is calculated by 

the device that is measure in Pa.   

ρ  is the uncompressed wet flue gas density at ambient temperature at the 

measurement point. A value of 1.293 kg/m3 is assumed that is the predicted density of air at 

standard temperature and pressure. 

 

The method for calculating the flue gas velocity at standard temperature (ºC) and 

standard pressure (101325 Pa) from the differential pressure within the flue as 

defined by the FCO 560 device is outlined in Equation 3.6. 

 

(𝟑. 𝟔)    𝑣𝑖 = 23.96 × √(
∆𝑃

𝐾
) × (

𝑇

𝑃
) × (

1

ρ𝑟𝑒𝑙

) 

ΔP  is the differential pressure (dp) within the flue at the point of measurement in Pa. 

K  is the inverse of ɑ and is the pitot tube coefficient and a constant which includes a 

Pitot tube correction factor. The K value for the S-type pitot tube us 1.4. 

T  is the static temperature of the flue gas at the point of measurement in ºK. 

Ρrel  is the relative gas density at the point of measurement. This value is assumed to be 

1 kg/m3 for air at standard temperature and pressure.   

 

Volumetric flow (Qv) was calculated at the point of flue gas sampling in m3/min and 

at STP and on a dry basis. Standard pressure is assumed to be 101325 Pa and 

standard temperature is assumed to be 0 ºC (273.15 K). Alternatively, emission 

concentrations may be presented at normal temperature and pressure (NTP) which 

is the condition of air at 20 ºC and 101325 Pa. The method for determining Qv from 

vi at STP is presented in in Equation 3.7. 
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(𝟑. 𝟕)    𝑄𝑣 = 𝑣𝑖 × (𝜋 × (
𝐷

2
)

2

)  × (
𝑃

101325
) × (

𝑇

273.14
) × (

100 − 𝑀𝐶

100
) 

Qv  is the volumetric flow rate of flue gas at STP in m3/min. 

D  is the diameter of the flue gas pipe that is 0.125 m. 

P  is the absolute pressure in the pipe at the point of measurement in Pa. 

T  is the temperature of the flue gas at the point of measurement in ºK. 

C  is the flue gas moisture content measured by FTIR in vol-%. 

 

3.2.5 Combustion and Emission Factor Calculations   

3.2.5.1  Normalisation of Emission Concentrations 

Gaseous emission concentration is often recorded in parts per million (ppm) or 

volume percent (vol-%). These values are converted into an emission concentration 

normally in mg of pollutant per m3 of combustion gas (mg/m3) at standard 

temperature and pressure (STP). STP is specified as 0ºC and 101325 Pa. 

Equation 3.8 presents the method of conversion where Vmol is assumed to be the 

molar volume of one molar of ideal gas at STP or 22.41 L/mol. The Mmol is variable 

and specific to the volume of each pollutant species (EPA, 2018). The emission 

concentration may be presented on a dry basis (db) and/or at a reference oxygen 

concentration depending upon the method of emission factor quantification applied. 

A reference O2 concentration of 13% was applied within this study and an indication 

is presented where the correction has been applied.      

 

(𝟑. 𝟖)    𝐶
𝑚𝑔

𝑚3
= 𝐶 ×

𝑀𝑚𝑜𝑙

𝑉𝑚𝑜𝑙

×
21 − 𝑂2𝑟𝑒𝑓

21 − 𝑂2𝑖

×
100

100 − 𝑀𝐶
 

C mg/m3 is the pollutant concentration in mg/m3
db at STP at a reference O2% 

C   is concentration of pollutant species in ppm or vol-% 

Vmol   is the volume of one molar of ideal gas at STP in L/mol   

Mmol   is the molecular mass of the pollutant species in g/mol 

O2 ref   is the reference O2 concentration on a dry basis in vol-% 

O2 i   is the recorded O2 concentration on a dry basis in vol-% 

MC   is the moisture content of the flue gas in vol-% 

3.2.5.2  SDFGV Method 

Emission factor values may be determined using the specific dry flue gas volume 

(SDFGV). The method requires the estimation of the theoretical stochiometric dry 
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flue gas volume at a specific O2 concentration. The SDFGV is calculated as the dry 

flue gas volume per GJ net heat input (m3/GJ) at STP, at a specific O2 

concentration and on a dry basis (db) (Stewart, 2012). A method of determining 

SDFGV (m3/GJ) via the carbon (C), hydrogen (H), sulphur (S), oxygen (O) and 

nitrogen (N) composition as indicated in BS EN 12952-15:2003, is shown in 

Equation 3.9. In addition, a number of reference SDFGV values at specific O2 

concentrations are presented by Stewart (2012). 

 

(𝟑. 𝟗)    𝑆𝐷𝐹𝐺𝑉 = 88930Ɣ𝐶
+ 209724Ɣ𝐻

+ 33190Ɣ𝑆
− 26242Ɣ𝑂

+ 0.7997Ɣ𝑁
  

The SDFGV is subject to variation depending upon the reference O2 condition and 

elemental composition of the fuel. Figure 3.11 presents the effect of the reference 

O2 concentration on the SDFGV. Data includes the reference SDFGV for wood and 

hay as identified in Stewart (2012), BS EN 14961:1 and fuelwood samples from 

Chapter 5 (Price-Allison et al., 2019) modelled under different O2 conditions. 

 

Figure 3.11  Variation in SDFGV (m3/GJ) under different reference O2 conditions. 
The AEA Ref. Fuelwood represents a SDFGV of 253 m3/GJ at an O2 

reference concentration of 0% resulting in a value of 664 m3/GJ at 13% O2. 
Various fuels represents the SDFGV from fuels presented in BS EN 14961:1, 

Stewart (2012) and Price-Allison et al. (2019). 
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An emission factor is derived from the SDFGV (m3/GJdb at STP and O2 ref) and the 

emission concentration of a pollutant species (i) (Stewart, 2012; Olave et al., 2017). 

An average emission concentration is often applied to account for variation in 

combustion conditions across a complete test batch. The emission concentration 

(mg/m3) should be corrected to the same temperature, pressure, moisture and O2 

reference concentration conditions as the SDFGV. The method of calculating an 

emission factor in g/GJ from the SDFGV and conversion to g/kgfuel using the HHV is 

presented in Equation 3.10. The calculation of the HHV is undertaken using the 

method outline in Friedl et al. (2005) and presented in Equation 3.22. 

 

(𝟑. 𝟏𝟎)    𝐸𝐹 =
[(

[𝐶𝑜𝑛𝑐𝑖] × 𝑆𝐷𝐹𝐺𝑉
1000

) × 𝐻𝐻𝑉]

1000
 

EF is emission factor in g/kgfuel (or g/GJ without the HHV conversion) 

Conci is the average emission concentration of pollutant species i in mg/m3 

SDFGV is the reference SDFGV value in m3/GJ at 13% O2 

HHV is the higher heating value for the fuel, in MJ/kgdb 

 

The method is useful for quantifying approximate emission factor values from the 

SDFGV and emission concentration without the need for monitoring combustion 

temperature, mass of fuel consumed and flow rate. This is however a fundamental 

limitation in that key processes for accurately calculating EF values are not 

included. Furthermore, the method is designed for application on large residential 

boiler type appliances which often present consistent O2 concentrations. O2 

concentration is known to vary throughout the combustion reaction in small 

residential heating appliances. As such, high O2 concentration during the ignition 

and smouldering phases can generate erroneous emission concentrations when an 

O2 correction is applied. This process is presented in Figure 3.12 whereby an 

emission concentration of 100 mg/m3 is shown to vary under differing O2 

concentrations. As such, derived emission factor values may be substantially higher 

than what is expected given the observed emission concentration. This method is 

applied in Chapter 5 only.       
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Figure 3.12  Effect of O2 correction assuming a raw emission concentration of 100 

mg/m3. The range of the modelled O2 concentration is between 0.1 vol-% and 
20.9 vol-% and assumed a O2 reference value of 13.0 vol-%.   

3.2.5.3  Total Capture Method 

Emission factor values may be calculated from the emission concentration of 

pollutant species i measured within the stack or collection hood. Gaseous emission 

concentrations were monitored within the flue while particulate emission sampling 

was undertaken within the dilution tunnel. EF values were calculated following the 

method highlighted in ISO 19867-1 and applied in Mitchell et al. (2019). Unlike the 

SDFGV method, the total flow method incorporates additional processes associated 

with the combustion reaction including mass of fuel consumed and the total 

combustion gas flow. In addition, a method of integration is applied between 

specific temporal periods, as opposed to average emission concentrations used in 

other methods. The method is presented in Equation 3.11 where Et is the total 

pollutant emitted during the test phase and Ft is the total fuel consumed during the 

test phase on a dry basis. Emission factor values are presented in g/kgfuel on a dry 

basis and where obtained across the complete combustion cycle thereby 

incorporating periods of ignition, flaming combustion and smouldering. This is the 

primary method for calculating emission factors in this thesis.     
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(𝟑. 𝟏𝟏)    𝐸𝐹 = (
𝐸𝑡

𝑇𝑓

) = ∫ (
𝐶𝑖 × 𝑄

𝑚
)

𝑡

𝑡0

𝑑𝑡  

EF  is emission factor in g/kgfuel  

Ci  is the is the total pollutant integral (mg/m3
db) for species i at STP 

Q  is the volumetric flow in m3/mindb at STP 

m  is the mass of fuel consumed (kgdb) 

3.2.5.4 Modified Combustion Efficiency  

Combustion efficiency (CE) is measured as the molar ratio of emitted gaseous CO2 

and fuel carbon burned within a combustion reaction (Yokelson et al., 1996). The 

CE assumes that the fuel carbon burned within the combustion reaction correlates 

within the quantity of carbonaceous emission sampled during the experimental 

phase. As such, the fuel carbon quantity is measured as the sum of CO2, CO, CH4, 

non-methane hydrocarbon (NMHC) species and particulate carbon (PC) 

concentrations [C]. CE is calculated in Equation 3.12 (Ferek et al., 1998). 

 

(𝟑. 𝟏𝟐)    𝐶𝐸 =
[𝐶]𝐶𝑂2

[𝐶]𝐶𝑂2
+ [𝐶]𝐶𝑂 + [𝐶]𝑁𝑀𝐻𝐶+𝐶𝐻4

+ [𝐶]𝑃𝐶

 

 

CE is difficult to measure accurately meaning that a modified combustion efficiency 

(MCE) is often applied (Ferek et al., 1998; Akagi et al., 2011). MCE may be 

calculated as an approximation of the fuel carbon fraction converted into CO2 during 

a combustion reaction assuming that the total gaseous CO2 and CO emittance is 

equal to the total fuel carbon burned (Yokelson et al., 1996; Fachinger et al., 2017). 

This is a simplified model as it does not require monitoring of all gaseous 

hydrocarbon species (CH4 and NMHC) and PMt carbon content (Ferek et al., 1998). 

In addition, the MCE is often an accurate representation of the CE which is 

generally true to within a few percent (Akagi et al., 2011). The calculation also 

provides an approximation of the extent of flaming and smouldering combustion 

during a reaction. The method of calculating the MCE is presented in Equation 

3.13 (Stockwell et al., 2015). A high MCE value (0.90>) suggests relatively low CO 

and high CO2 emissions thereby signifying efficient flaming combustion. Under such 

conditions a greater fraction of VOC products will be fully consumed within the 

flaming phase. A low MCE value (<0.90) suggests relatively high CO and low CO2 

emissions often synonymous with smouldering combustion where reduced 

combustion temperatures result in an increase in the emission of pollutant species 

(Reid et al., 2005; Mitchell et al., 2017). Applied only as a predictive method, an 
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MCE value of 1.00 and 0.80 is indicative of total flaming and total smouldering 

combustion respectively while an MCE value of 0.90 may indicate an equal mixture 

of flaming and smouldering within the combustion zone (Yokelson et al., 1996). 

Akagi et al. (2011) suggests that the reported MCE under smouldering combustion 

may be between 0.65 and 0.85 and present across a larger range than under the 

flaming phase. Alternatively, differentiation between the flaming phase and 

smouldering phase maybe identified by a significant step change in the MCE time 

series (Fachinger et al., 2017). 

 

(𝟑. 𝟏𝟑)    𝑀𝐶𝐸 =
∆𝐶𝑂2

∆𝐶𝑂2 + ∆𝐶𝑂
=

1

1 + (
∆𝐶𝑂
∆𝐶𝑂2

)
 

3.3  Post-Sampling Analysis  

3.3.1 Particulate Sample   

3.3.1.1 Elemental Carbon (EC) and Organic Carbon (OC)  

Thermogravimetric analysis (TGA) was applied as a method of determining 

Elemental Carbon (EC) and Organic Carbon (OC) fractions within the soot using a 

Netzsch STA449 instrument. A 20.1 cm2 filter cutting with entrained particulate 

sample material was removed and placed directly into a large TGA crucible before 

being purged with nitrogen at a rate of 40 ml/min. The temperature was increased 

from 30°C to 100°C at a rate of 20 K/min before a hold period of 10 min. The OC 

fraction was determined by measuring the mass-loss while increasing the 

temperature from 100°C to 550°C at a rate of 20 K/min followed by a subsequent 

hold period of 10 min. The EC fraction was determined by measuring the mass-loss 

after exchanging the N2 supply for an air atmosphere and allowing full oxidation of 

the remaining sample compounds. An example of the heating profile and mass 

loss-time-series is shown in Figure 3.13. The Total Carbon (TC) was determined as 

a sum of the EC and OC fractions (TC = OC + EC). A correction was applied to the 

mass loss results during heating to compensate for the buoyance effects 

associated with the larger crucible mass. As a control, a blank filter was applied 

under the same heating conditions to confirm that mass loss from the substrate and 

binder was negligible. A similar method for determining OC and EC fractions via 

TGA has been previously described by Atiku et al. (2016) and Jones et al. (2018). 
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Figure 3.13  Temperature profile and mass loss curve for the OC fraction (A) under 

N2 and EC fraction (B) under air of soot collected on a filter. 

EC and OC fractions were identified in earlier work (Chapter 5) by thermo-optical 

analysis (TOA) in accordance with the NIOSH 5040 using a Sunset Laboratory 

Carbon Aerosol Analyser [Sunset Laboratory]. EC and OC fractions are generally 

identified via TOA by observing the evolution of PM fractions at predetermined 

plateau temperatures (Phuah et al., 2009). A 10mm x 10mm section of filter paper 

was sampled and thermally desorbed under an initially inert He atmosphere and 

secondary oxidizing (2% O2, 98% He) atmosphere. A total of four heating steps are 

applied for the quantification of OC with heating plateaus defined at 250ºC, 500ºC, 

650ºC and 850ºC (Grover et al., 2012). Following vaporization, organic compounds 

are oxidized forming CO2 before being reduced to CH4 in a methanator oven. The 

CH4 concentration, and thus the concentration of desorbed organic material is 

quantified using a flame ionization detector (FID) (Sunset-Laboratory, 2020b). Low 

temperature pyrolysis of the OC fraction is also observed during the early phases of 

heating leading to the formation of elemental carbon; the extent of conversion is 

monitored via transmittance and reflectance of the sampled filter surface using a 

laser (Wu et al., 2012; Grover et al., 2012). Subsequently, The He atmosphere is 

replaced with an oxidizing atmosphere and the temperature is increased from 

525ºC to 850ºC so as to convert sample EC and EC derived from the pyrolysis of 

organic compounds previously to CO2. A series of heating plateaus are defined at 

650ºC, 750ºC and 850ºC (Grover et al., 2012). The CO2 is then converted to CH4 
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and identified by FID as previously discussed. The instrumentation range of 

analysis was 0.05-45 µg/cm2 and 0.05-400 µg/cm2 for EC and OC respectively 

(Sunset-Laboratory, 2020a).     

3.3.1.2 Microscope Raman  

The physiochemical structure of soot collected on micro quartz filter papers was 

analysed using a Renishaw inVia Raman Spectrometer. Soot samples collected 

during dry and wet fuelwood combustion were excited using a 514.5 nm green 

argon laser. The Raman shift spectrum was evaluated in the range from 500 to 

2500 cm-1. Equation 3.14 presents the method of converting from spectral 

wavelength and excitation wavelength to wavenumber of the observed shift. 

 

(𝟑. 𝟏𝟒)    𝑅𝑎𝑚𝑎𝑛 𝑠ℎ𝑖𝑓𝑡 (𝑐𝑚−1) =
107

λ𝑒𝑥[𝑛𝑚]
−

107

λ[𝑛𝑚]
 

Λ  is the Raman spectrum wavelength, in nanometres 

Λex  is the excitation wavelength, in nanometres 

 

Analysis was undertaken for a period of 90 seconds at a maximum power of 90 mW 

so as to minimise damage or change to the sample material. Prior to the analysis of 

Raman spectral features a background subtraction was applied using a 2nd order 

polynomial function as identified in Ferralis et al. (2016). Raman microscopy (RM) is 

applied as a method of determining variability in the structure of soot particles 

collected during dry and wet fuelwood combustion. The first order spectra of soot 

particles are widely reported in the literature and generally consists of two 

overlapping peaks located at approximately 1350cm-1 and 1585cm-1 attributed as 

the G-band and D-band respectively (Dippel et al., 1999; Sadezky et al., 2005; Ess 

et al., 2016). The G-band (1585cm-1), often designated the ‘Graphitic band’, is 

characteristic of ideal graphitic lattice type structures maintaining an E2g symmetry. 

The D-band (1350cm-1), or ‘Defect band’, applies to the disordered fraction of 

graphitic materials (Ferrari and Robertson, 2000; Sadezky et al., 2005; Ivleva et al., 

2007). The quantification of nanostructural order may be inferred from the peak 

intensity height-ratio as described in Ferrari and Robertson (2000) and Ess et al. 

(2016). The height-ratio, calculated as ID/IG, indicates the degree of order of the 

soot material where a value <1 is indicative poor ordering and a value >1 suggests 

an improved order. This method may also be applied as a non-destructive method 

of estimating EC and OC material fractions.      
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3.3.1.3 Electron Microscopy   

Fuel particle morphology and physical structure was analysed using a FEI Nova 

NanoSEM 450 device operating at 3 kV. Soot samples collected on micro-quartz 

filter papers were placed on copper tape and mounted under vacuum within the 

SEM device. A copper mounting membrane was selected given the generally 

carbonaceous nature of the soot sample material. In addition, Energy Dispersive X-

Ray spectroscopy (EDX) analysis was applied as a method of determining the 

elemental composition of the soot samples using an EDAX AMTEK analyser 

operating at 18 kV.         

3.3.1.4 Pyrolysis Gas-Chromatography (Py-GC-MS)  

The composition of organic soot fractions were analysed using Py-GC-MS as 

identified in Atiku et al. (2016) and Maxwell et al. (2020). Analysis was undertaken 

using a CDS Pyroprobe [Model 5000] connected to a Shimadzu GC-MS [Model 

QP2010E] operated under trap-mode conditions and a 10:1 sample split. Helium 

was applied as a carrier gas during analysis. A 60m rtx1701 fused silica capillary 

column (0.25mm internal diameter) was applied during sample analysis. The 

column was heated to a hold temperature of 40°C for 2 min before being ramped at 

a rate of 4°C/min to 250°C before a final hold period of 30 min. Resulting 

chromatographs where identified using the NIST Mass Spectral Library Database.  

3.3.1.5 Spectrodensitometer  

An evaluation of the colour and optical density of the soot deposited on the filter 

papers was analysed using an X-Rite [504] spectrodensitometer. The optical 

density is reported here as a darkness factor, D, where white is represented as D=0 

and black is D=100. The colour of soot samples was estimated using GIMP GNU 

[2.8.14] image manipulation and analysis software expressed using red, green or 

blue (RGB) additive colour model (Nishad and Chezian, 2013). Table 3.1 presents 

the effect of variation in the red, green and blue shift on colour. Soot sample 

material derived from biomass combustion is generally known to be black, brown or 

tan-like in colour. Red (R), green (G) and blue (B) are measured across the range 

of 0-250 with other colour variants dependent upon the ratio of each. This allows 

variation in the soot sample colour to be characterised qualitatively (Jones et al., 

2018). 
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Table 3.1  RGB colouration shift 

Component Range Red Green Blue Yellow Brown White Black 

R 0,255 255 0 0 255 150 255 0 

G 0,255 0 255 0 255 75 255 0 

B 0,255 0 0 255 0 0 255 0 

Example        

3.3.1.6 Ultraviolet Visible Spectroscopy  

The light absorption potential of soot particles entrained on filter papers was 

measured via ultraviolet visible (UV-Vis) spectroscopy. Analysis was undertaken 

using a UV-Vis-NIR spectrophotometer [Perkin Elmer, Lambda 950] over the range 

250-850 nm.   

3.3.2 Condensate Analysis   

Entrained gaseous combustion products were extracted from the flue at a rate of 

10.00 L/min via a gas sampling unit [Gasmet, Portable Sampling System] and 

condensed in deionised water (150 ml) via a chilled impinger system. Condensate 

collection was undertaken continuously throughout the combustion experiment 

incorporating both pre-test phase products and gaseous compounds generated 

during the combustion of each subsequent test batch. The acidity of process 

substrate was determined via a digital pH probe [HQ40d HACH pH Meter]. The total 

phenolic concentration, incorporating both ortho- and meta-substituted phenolic 

components, was determined following mixing with 4-aminoantipyrine [HACH, 

LCK346 5-200 mg/L] resulting in a colour-shift within the solution and quantified via 

spectrophotometry [Dr. Lange, Lasa100 photometer]. The total organic carbon 

(TOC) fraction within the process water was determined differentially via a 

nondispersive infrared sensor (NDIR) [Analytik-jena]. Volatile Fatty Acid (VFA) 

compounds where determined via gas chromatography with flame ionisation 

detector or GC-FID (Agilent, 7890A). Prior to analysis the acidity of the condensate 

was stabilised to pH 2.0±0.1 using phosphoric acid. VFA constituents were 

analysed via the GC using a DB-FFAP column under He. The column length, 

thickness and diameter where 30 m, 0.5 um and 0.32 mm respectively. The GC 

was operated in split-mode with a split-ratio of 5:1. The oven temperature was held 

at 600°C for 4 minutes before increasing at a rate of 10°C/min to 1,400°C before 

increasing again to 2,000°C at a ramp-rate of 40°C/min. The temperature was then 

maintained at 2,000°C for 5 minutes. The FID was operated at 2,000°C using N2 as 

a make-up gas.       
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3.4  Fuel Characterisation   

3.4.1 Sample Preparation   

Prior to analysis, fuel samples were milled and sieved to a maximum nominal 

diameter of 100 µm using a combination of cutting-mill [Retsch SM100] and cryo-

mill [Retsch CryoMill] devices. Given the difficulty in sampling and characterising 

biomass due to the heterogeneity of the material (Mitchell et al., 2016), a cone and 

quartering technique was applied to ensure representative sampling. Following 

milling, additional sampling was undertaken to ensure homogeneity with each batch 

of material tested in duplicate. Sample preparation and selection was undertaken 

following BS EN 14780. 

3.4.2 Proximate Analysis   

The composition of fuel and firelighter materials was determined via proximate 

analysis. Constituents defined by proximate analysis include moisture content 

(MC%), volatile matter (VM%), fixed carbon (FC%) and ash (Ash%). MC%, VM% 

and Ash% are measured while FC% is calculated by difference.   

3.4.2.1 Moisture Content Determination  

Moisture content (MC%) was determined following a method similar to that defined 

in BS EN ISO 18134: 2015. MC% was calculated on a wet basis as identified in 

Equation 3.15. Complete logs were placed within a drying oven [Memmert] and 

heated in the presence of air to a maximum temperature of 105±2˚C. The drying 

process generally included a high temperature drying phase during the day 

(105±2˚C) before a low temperature drying phase during the night (60±2˚C). This 

was undertaken to mitigate the risk of material combustion during heating. Sample 

drying was undertaken until a constant mass was determined or the mass loss was 

<1% across a 24h heating duration. Figure 3.14 identifies the loss of moisture 

during the heating of fuelwood biomass at low temperature (L) and high 

temperature (H) conditions.    

 

(𝟑. 𝟏𝟓)    𝑀𝐶% = (
𝑚1

100 − 𝑚2

) × 100 

m1  is the mass of the empty tray, in mg 

m2  is the mass of the empty tray and the fuel sample before drying, in mg 
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The method presented above has a number of discrepancies from that outlined in 

BS EN 18134: 2015 namely the mass of sample applied. In accordance with the 

standard procedure a sample mass of up to 300 g should be heated in a pile 

maintaining particles incorporating a nominal top-size of 30 mm. The water 

distribution in fuelwood logs is highly variable and generally presents higher 

concentrations in the centre of the fuel particles. As such, complete log samples 

were exposed to heating for a prolonged observation period to ascertain the 

complete moisture content of the particle as a whole.      

 

Figure 3.14  Moisture loss profile of four fuelwood particles (beech) collected from 
the same pile and heating profile during prolonged drying operation at low (L, 

60°C) and high (H, 105°C) temperatures. 

3.4.2.2 Volatile Matter Determination  

Volatile matter (VM%) determination was undertaken in accordance with BS EN 

15148:2009. The method includes heating sample material which has been milled 

to a nominal top-size of 1 mm and sampled in accordance with BS EN 14780: 2011 

for a period of 7 min to a maximum temperature of 900±10 ˚C. The sample mass is 

1.0±0.1 g which is heated in absence of oxygen using closed-lid crucibles. 

Equation 3.16 presents the method for calculating VM% as a function of mass loss 
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during heating and adjustment for initial moisture loss via the MC% value 

determined in line with BS EN ISO 18134: 2015.     

 

(𝟑. 𝟏𝟔)    𝑉𝑀% = [
100 × 𝑚2 − 𝑚3

𝑚2 − 𝑚1

− 𝑀𝐶%] ×
100

100 − 𝑀𝐶%
 

m1  is the mass of the empty crucible and lid, in mg 

m2  is the mass of the empty crucible, lid and the fuel sample before heating, in mg 

m3  is the mass of the empty crucible, lid and the fuel sample after heating, in mg 

MC%  is the sample moisture content  

3.4.2.3 Ash Determination  

Ash (Ash%) determination was undertaken in accordance with BS EN 14775: 2009. 

The method includes heating sample material which has been milled to a nominal 

top-size of 1 mm and sampled in accordance with BS EN 14780: 2011. The sample 

is heated in the presence of air to 250ºC at a rate of approximately 4.5-7.5 ºC/min. 

A subsequent hold period of 1 h is then observed allowing for the removal of VM 

from the sample material. The temperature is then increased to 550ºC at a rate of 

10 ºC/min followed by a hold period of 2 h. Equation 3.17 presents the method for 

calculating Ash% as a function of mass loss during heating and adjustment for 

initial moisture loss via the MC% value determined in line with BS EN ISO 18134: 

2015.     

 

(𝟑. 𝟏𝟕)    𝐴𝑠ℎ% = [
𝑚3 − 𝑚1

𝑚2 − 𝑚1

] × 100 ×
100

100 − 𝑀𝐶%
 

m1  is the mass of the empty crucible, in mg 

m2  is the mass of the empty crucible and the fuel sample before heating, in mg 

m3  is the mass of the empty crucible and the fuel sample after heating, in mg 

MC%  is the sample moisture content  

3.4.2.4 Fixed Carbon Determination  

Fixed carbon (FC%) determination was undertaken by difference and was 

calculated as a function of the VM% and Ash% on a dry basis. The method is 

shown in Equation 3.18.   
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(𝟑. 𝟏𝟖)    𝐹𝐶% = 1 − (𝑉𝑀% + 𝐴𝑠ℎ%) 

FC%  is the sample fixed carbon content, in percent 

VM%  is the sample volatile matter content, in percent 

Ash%  is the sample ash content, in percent 

3.4.2.5 Thermogravimetric Analysis  

In addition, thermogravimetric analysis (TGA) was undertaken on each of the fuels 

with heating rates and temperatures set to those outlined in BS EN 14774-3 for 

moisture (MC%), BS EN 15148 for volatile matter (VM%) and BS EN 14775 for ash 

(Ash%). MC% is determined by heating the sample under N2 (50 ml/min) from 30°C 

to 105°C at a rate of 20°C/min prior to a hold period of 10 minutes. VM% is then 

determined by heating the sample under N2 from 105°C to 550°C at a rate of 

20°C/min prior to a hold period of 10 minutes. Ash% is determined by sample 

oxidation in the presence of air (50 ml/min) at 550°C for a period of 30 minutes. 

FC% is determined by difference as identified in Equation 3.18. The temperature 

profile for the proximate analysis of biomass is shown in Figure 3.15.   
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Figure 3.15  Temperature profile of Proximate Analysis by TGA. Vertical lines 

identify the periods of analysis for each fuel constituent where [1] is MC%, [2] 
is VM% and [3] is Ash%. [1] and [2] are determined under N2 while [3] is 

measured under O2. 

3.4.3 Ultimate Analysis   

Ultimate Analysis (CHNS) was undertaken via a Thermo Scientific EA2000 or CE 

Instruments Flash EA1112 elemental analyser and in accordance with BS EN ISO 

16948: 2015. Approximately 2-3 mg of sample material maintaining a nominal top-

size diameter of <100µm was applied for testing. The sample is heated at 900ºC 

under He as a carrier-gas before pure oxygen is applied to ensure complete 

combustion. The sample is subsequently oxidized forming ash and a series of 

combustion products with C, H, N and S forming CO2, H2O, NO2 and SO2 

respectively. The evolved gas species are separated within a gas chromatography 

column before the concentration of each is analysed using thermal conductivity. A 

standard reference material was analysed during sample testing and included 2,5-

Bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene (BBOT). In addition, reference 

material was analysed simultaneously and included Oatmeal and Olive stone. 

Finally, Total Nitrogen (TN) was determined for some biomass fuels in response to 

the inherently low nitrogen content of the materials [Analytik Jena Multi 500] via 
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chemiluminescence detection. The CHN value for the standard and reference 

materials is presented in Table 3.2.   

Table 3.2  CHN microanalytical composition of standard and reference sample 
materials applied during Ultimate Analysis. 

Standard C H N S O 

BBOT 72.56 6.11 6.49 7.40 7.41 

Oatmeal (B2170) 47.06 6.35 0.204 - - 

Olive Stone (B2276) 47.00 6.67 2.03 0.16 - 

 

The microanalytical fuel composition (Proximate and Ultimate Analysis) was 

presented on a dry basis as shown in Equation 3.19. 

 

(𝟑. 𝟏𝟗)    𝐶, 𝑁, 𝑆𝑑𝑏 = 𝑛𝑤𝑏 × (
100

100 − 𝑀𝐶%
 

C,N,Sdb  is the carbon, nitrogen or sulphur content on a dry basis, in percent 

Nwb   is the carbon, nitrogen or Sulphur concentration on a wet basis, in percent 

MC%   is the sample moisture content  

 

The hydrogen content is calculated using a correction factor taking into account the 

hydrogen content associated with the sample water fraction. The method for 

correcting the hydrogen content is shown in Equation 3.20 where 8,937 is half the 

molar mass of H2O (H = 1.008 u and O = 15.999 u) as presented in BS EN ISO 

16948: 2015. The oxygen concentration may be subsequently calculated by 

difference as a function of the CHNS and ash content as shown in Equation 3.21.   

 

(𝟑. 𝟐𝟎)    𝐻𝑑𝑏 = (𝐻𝑤𝑏 −
𝑀𝐶%

8.937
) ×

100

100 − 𝑀𝐶%
 

Hdb  is the hydrogen content on a dry basis, in percent 

Hwb  is the hydrogen concentration on a wet basis, in percent 

MC% Is the sample moisture content  
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(𝟑. 𝟐𝟏)    𝑂𝑑𝑏 = 100 − (𝐶𝑑𝑏 + 𝐻𝑑𝑏 + 𝑁𝑑𝑏 + 𝑆𝑑𝑏 + 𝐴𝑠ℎ𝑑𝑏) 

Odb  is the oxygen content on a dry basis, in percent 

Cwb  is the carbon content on a dry basis, in percent 

Hwb  is the hydrogen content on a dry basis, in percent 

Nwb  is the nitrogen content on a dry basis, in percent 

Swb  is the sulphur content on a dry basis, in percent 

Ashdb  is the ash content on a dry basis, in percent 

3.4.4 Calorific Value   

An approximation of the higher heating value (HHV) or gross calorific value (GCV) 

was made empirically using the formula outlined in Friedl et al. (2005). The method 

for calculating the HHV in MJ/kgdb from the elemental composition of the fuel is 

shown in Equation 3.22.   

 

(𝟑. 𝟐𝟐)    𝐻𝐻𝑉

=
(3.55 × 𝐶2) − (232 × 𝐶) − (2230 × 𝐻) + (51.2 × 𝐶 × 𝐻) + (131 × 𝑁) + 20,600

1,000
 

HHV  Is the higher heating value, in MJ/kg 

C  is the wt% carbon content on a dry basis, in percent 

H  is the wt% hydrogen content on a dry basis, in percent 

N  is the wt% nitrogen content on a dry basis, in percent 

 

The lower heating value (LHV) or net calorific value (NCV) was calculated as a 

function of the HHV, the fuel hydrogen content and the fuel moisture content. As 

outlined in Koppejan and Loo (2008), the method for calculating the LHV in 

MJ/kgdb from the elemental composition of the fuel is shown in Equation 3.23.   

 

(𝟑. 𝟐𝟑)    𝐿𝐻𝑉 = 𝐻𝐻𝑉 × (1 − (
𝑋

100
)) − 2.444 ×

𝑀𝐶%

100
− 2.444 ×

𝐻

100
× 8.936 × (1 − (

𝑀𝐶%

100
)) 

LHV  is the lower heating value, in MJ/kgdb 

HHV  is the lower heating value, in MJ/kg 

H  is the hydrogen content on a dry basis, in percent 

MC%  is the fuel moisture content, in percent 
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Chapter 4 

Moisture Content Determination via a Digital 2-Pin Electrical 

Resistance Meter 

4.1  Introduction  

4.1.1  Use of Resistance Meter for the Determination of Fuelwood 

Moisture Content 

Digital 2-pin resistance meter devices are commonly applied as a method of 

determining the moisture content of fuelwood. This method is a low-cost and simple 

process for estimating the moisture content of fuel prior to the testing of residential 

combustion appliances (Hedberg et al., 2002; Weatherburn et al., 2011; Price-

Allison et al., 2018). Fuelwood moisture content has been shown previously to 

effect both stove performance and emissions (Butcher and Sorenson, 1979; 

Bhattacharya et al., 2002; Price-Allison et al., 2018) while an increase in emissions 

is correlated with detrimental climate and human health effects (DEFRA, 2018; 

Mitchell et al., 2019). A series of legislative controls restricting the combustion of 

high moisture fuels have recently been established via the Clean Air Strategy 2019. 

In addition, fuelwood certification schemes, including Ready to Burn, have been 

implemented to control the sale of high moisture fuelwood for domestic application. 

Notwithstanding, a significant proportion of fuelwood combusted at the domestic 

level is sourced from the grey-wood market (BEIS, 2016b). Such fuels may 

encompass as much as 31% of the total quantity burned within the UK and are not 

subject to quality control and restrictions (BEIS, 2016a). These grey-wood materials 

are often seasoned by the end-user with the moisture content determined via the 

aid of low-cost resistance-type moisture meter devices. These devices provide a 

simple and non-destructive method for determining fuelwood moisture content but 

commonly exhibit several limitations inhibiting accuracy (James, 1963; James, 

1988; Skaar, 1988; Tarvainen and Forsén, 2000; Price-Allison et al., 2018). The 

following work attempts to provide an insight into the variation in the measurable 

moisture content of fuelwood particles when tested in accordance with BS EN 

13183-2: 2002 using resistance-type moisture probes and BS EN ISO 18134-2 

using oven-drying with gravimetric measurement techniques.   

4.1.2  The Determination of Moisture Content   

Fuelwood moisture presents a significant control upon combustion efficiency and 

pollutant formation (Koppejan & van Loo, 2008). As such, moisture content is often 

determined prior to combustion using oven-drying with gravimetric approach or via 
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the use of electrical moisture probe devices. Oven-drying in accordance with BS EN 

ISO 18134-2 is by fuelwood and lumber suppliers, during fuelwood accreditation 

and in analytical laboratories prior to combustion testing. A summary of the process 

of moisture content determination in accordance with BS EN ISO 18134-2 (Solid 

biofuels, determination of moisture content) is shown in Chapter 3. A little 

discussed limitation in the standard method is the assumption that the sampled 

fuelwood particles maintain a moisture content which is representative of the fired 

fuel. Fuelwood is generally stored within a stack during seasoning and prior to or 

following treatment via kiln-drying. Fuelwood moisture content is subject to variation 

depending upon several factors outlined in Chapter 2. Such factors include the tree 

felling period, the duration and temperature of drying by seasoning and mechanical 

methods, location of fuelwood particle within a stack and origin within the tree 

structure (Mytting, 2015; Wetzel et al., 2017). Location of the fuelwood particle 

within the pile during seasoning and during storage prior to or following kiln-drying 

is important since variation in sun exposure and shading, exposure to wind and the 

effect or humidity or precipitation lead to potential changes include rewetting 

(Eliasson et al., 2020). In this study, fuelwood particles selected for combustion 

testing were sampled from a stack based on similar physical characteristics, 

dimensions and mass. As stated, the logs stored within a pile may exhibit a high 

variance in moisture content. Following selection, a subsequent phase of sampling 

was undertaken prior to the determination of moisture using BS EN ISO 18134-2. It 

is assumed that these logs present a moisture content which is representative of 

the pile but are not subsequently used during combustion testing due the 

destructive nature of the analysis. Given the high degree of variation likely present 

within a fuelwood pile it stands to reason that the particles tested for moisture may 

not be representative of those fired during stove testing. As such, it is very difficult 

to make solid conclusions as to the true moisture content of a batch of fired 

fuelwood using standard means. The determination of moisture using resistance-

type moisture meter devices may offer a solution as an alternative non-destructive 

approach for the testing of individual fuelwood particles prior to firing.          

4.1.2  Appliance Principle  

An estimation of the fuelwood moisture content (MC%Probe) is derived through the 

measurement of electrical resistance (R) of the material between two nail-like 

electrode pins (James, 1963). Resistance is observed as a function of Ohm’s Law 

and may be calculated as a derivative of voltage (V) and current (I) as identified in 

Equation 4.1 (Ohm, 1827). Electrical resistance is measured in ohms (Ω) and is a 

material property quantifying the capacity to resist the flow of an electrical current. 
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Electrical resistivity (ρ) is measured in ohm-meters (Ω·m) and is the intrinsic 

property and quantified resistance property of a specific sample. Electrical 

conductance is the reciprocal of resistance while electrical conductivity (σ) is the 

reciprocal of resistivity where the former is measured in siemens (S), and the latter 

is measured in siemens per meter (S/m). Electrical resistivity is therefore a measure 

of the opposition to the flow of electrons through the fuel particle structure. 

 

(𝟒. 𝟏)    𝐼 =
𝑉

𝑅
 

 

The fuelwood moisture content is estimated via the known resistance value R and 

factors a and b calibrated within the instrument function which are derived from the 

analysis of observed resistance under different moisture conditions. Factors a and b 

are often species specific and derived from the testing of an appliance using a 

specific type of sample or biomass species. For example, the calculation of the 

MC%Probe of pinewood incorporates an a value of -0.039 and b value of 1.061 within 

the instrument internal algorithm (Tarvainen and Forsén, 2000). If such factors are 

not known and resistance curves are not available, the use of resistance-based 

moisture analysers is for indication purposes only. The a and b calibration values 

are instrument specific with some instruments providing an option for specification 

based upon the type or biomass species or sample material. Equation 4.2 presents 

the algorithm for the determination of MC%Probe (Tarvainen and Forsén, 2000).      

 

(𝟒. 𝟐)     𝑀𝐶% = (log (log (𝑅) + 1 − 𝑏)/𝑎))  

 

Electrical properties of fuelwood are highly variable and fundamentally dependent 

upon the moisture content. Water content in fuelwood is known to vary depending 

upon period of felling (Belart et al., 2019), method of seasoning (Raitila et al., 2015) 

and processes of treatment including kiln-drying (Wallace and Avramidis, 2016). 

Variability in water properties may span up to ten orders of magnitude over the 

moisture content range typically observed for fuelwood (Glass et al., 2010). An 

estimation of the moisture content of a fuelwood particle may be found though 

electrical resistance when the sample is placed under voltage within a circuit. The 

magnitude of the resistance at a known electromotive force, or voltage, suggests 

the resistance of a material is dependent upon the length of the conductor (L) in 

mm, the cross-sectional area of the conductor (A) in mm2 and the resistivity of the 

material (ρ) subject to temperature (T).   
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Figure 4.1  Schematic of electrode application within a fuelwood particle subject to 
electrode separation (L) and the cross-sectional area of the sampled location 

(A) 

Figure 4.1 depicts a pin-type electrode circuit within a biomass sample relative to L 

and A. The L is subject to the electrode separation length while the cross-sectional 

area is of an unknown dimension but incorporates an area between the electrode 

pins. Previous research has identified a limited impact of variance in length on 

sample resistance (Apneseth & Hay, 1992; Tarvainen & Forsén, 2000). The 

resistance of a material sample may be expressed as shown in Equation 4.3 

(Skaar, 1988; Glass et al., 2010). 

 

(𝟒. 𝟑)    𝑅 = 𝜌 × (
𝐿

𝐴
) 

R  is the sample resistance, in Ω 

L  is the distance of electrode separation, in mm 

A is the cross-sectional area through which the current travels, in mm3 

ρ is the resistivity, in Ω·m 

 

Water is a good conduit of electron transfer resulting in a reduction in resistance 

when the moisture content is high and an increase in resistance when the moisture 

content is low. Moisture content is the primary control of fuelwood resistivity 

(Darveniza et al., 1967). As such, low moisture fuelwood is a good insulator 

inhibiting the flow of current with a resistivity of approximately 1017 ohm-meters. R 

is known to reduce exponentially with an increase in moisture content within the 

hygroscopic range of a sample. Relatively dry fuelwood presents an approximate 

resistivity of 1011 ohm-meters at room temperature (Skaar, 1988).      
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A correlation is observed between resistance and moisture when the fuelwood 

particle maintains a moisture content within the hygroscopic range that is no greater 

than the point of fibre saturation (Stamm, 1927; James, 1988). The fibre saturation 

point (FSP) of wood is generally observed within the range of 26-30% (Simpson, 

2001; Verbist et al., 2019) and is identified as the point during the drying process 

where only bound water within the plant cell walls remain. At this point all free water 

within the wood sample has been removed (Smith, 1986; Babiak and Kudela, 

1995). Between the FSP and the oven dried condition there is an approximately 

linear relationship between the logarithm of resistance and the logarithm of inherent 

moisture content (James, 1988). Some divergence is presented in samples 

maintaining a moisture content of approximately 25% and in samples maintaining a 

moisture content <7%. Figure 4.2 presents this linear relationship between 

resistance and moisture content between the FSP and the point of oven-dried as 

defined by James (1988). A range of R values are presented and show a reduction 

in the resistance with an increase in the wood moisture content. Typical resistance 

values for softwood are shown to be 1,654 MΩ, 3.4 MΩ and 0.63 MΩ for wood 

moisture contents of 10%, 20% and 25% respectively. A similar trend is also 

displayed for hardwood species. A linear regression fit (y = (a + b) · x) is applied to 

all softwood and hardwood species. A strong negative correlation is presented 

between R and moisture content for both softwood and hardwood species where 

the R2 value and Pearson’s r value of the former are 0.97 and -0.98. and for the 

latter are 0.93 and -0.96. Similar correlations (R2 is > 0.90) between R and moisture 

content have been described within the literature (Tarvainen and Forsén, 2000). 

Observations in the electrical properties of wood may therefore be applied as a 

non-destructive mechanism for determining the moisture content of a fuelwood 

particle prior to combustion.   
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Figure 4.2  The effect of moisture content in hardwood and softwood samples on 

electrical resistivity.  ⬛ and ⬛ represent the range in resistivity observed 

during the testing of different hardwood and softwood tree species. Data is 
presented in a Log10 scale. A linear regression fit is applied to the average 

data where y = a + b · x. Data is derived from James (1988). 

During operation, the pin-type electrodes are driven into an individual side of the 

fuel particle. The measured resistance is therefore observed across a selected 

point on a single plain that is parallel to the fuel surface and not across the cross-

section of sample (James, 1988). The integrated electrodes of resistance-type 

moisture meters may be insulated or uninsulated. Uninsulated pins are exposed to 

the sample material across the complete surface of the electrode. As such, 

uninsulated pins will record the highest conductance along the exposed length of 

the electrode surface. Moisture content is known to vary across a gradient where 

high water content is generally observed in the centre of the particle and a lower 

moisture content is presented at the log surface. In kiln-dried sample material the 

moisture content observed at the surface of the particle is likely affected by the 

ambient condition whereby the wood reaches a moisture equilibrium dependent 

upon humidity (Baker, 1956). This can affect the estimated moisture content 

(MC%Probe) value presented during the application of uninsulated pins as the water 

content is likely to vary across the electrode depending upon depth. Insulated pins 

provide an estimate of the moisture content at the peak of the pin only. Previous 

work has discussed the effect of electrode type, design and spacing on current 

resistance through fuelwood samples (Tarvainen and Forsén, 2000). Such methods 

therefore provide for an estimate of the moisture content of the fuel particle at a 
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specific depth (Engineering Toolbox, 2008). A schematic of the operational principal 

for such devices is present in Figure 4.3. 

 

Figure 4.3  Electrical component schematic and algorithm for the determination of 

MC%Probe from R. 

The resistivity of fuelwood is variable and fundamentally dependent upon the 

temperature (Tarvainen and Forsén, 2000; Engineering Toolbox, 2003). An 

increase in the temperature of the fuelwood particle leads to an increase in the 

material conductivity which can erroneously be interpreted as a higher moisture 

content (James, 1963; Skaar, 1988; James, 1988; Slávik et al., 2019). Such 

processes are opposite to what is generally observed in metallic materials. This is 

likely in response to the part ionic mechanism of current transfer in wood samples 

where an increase in mobility occurs in response to an increase in the sample 

temperature. Assuming a wood sample maintains a water content of 10%, the 

conductance of the sample may double with each increase in temperature of 10ºC 

(James, 1988).  

The method for determining the change in ρ (in Equation 4.3) involves varying the 

sampling temperature as shown in Equation 4.4 where dρ is change in resistivity (Ω 

m2/m), α is an empirical temperature coefficient (1/ºC) and T (ºC) is the material 

temperature during sampling. T0 and ρ0 is the reference temperature for the device 

(ºC) and the material resistivity at the reference temperature (Ω) (Glass et al., 

2010). Sampling undertaken at room temperature (20 ºC) does not require a 

temperature correction as this is likely to be the standard temperature for the 

instrument calibration (Tarvainen and Forsén, 2000). 

 

(𝟒. 𝟒)    𝑑𝑝 = 𝜌0 × (1 + 𝛼 × (𝑇 − 𝑇0)) 
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4.1.2  Limitations in Moisture Content Determination via Electrical 

Resistance  

Resistance-type devices are simple to use and provide an estimate of the fuel 

particle water content. However, this method of moisture determinisation is subject 

to variation depending upon several factors. The moisture estimation is based upon 

an empirical calculation derived from the recorded resistance. Such derivations are 

based upon fuel particle type, often based upon sample density and dependent 

upon species, sample thickness, electrode thickness and type, grain direction and 

the temperature at which the recording was undertaken (James, 1963; Skaar, 1988; 

Slávik et al., 2019). Electrical conductance is known to vary between different 

species of fuelwood. As such, a correction should be applied depending upon the 

type of fuelwood tested. This correction is not always available when testing 

fuelwood via a handheld digital moisture meter leading to an estimated error of ±2% 

(James, 1988). Furthermore, users should be aware that superficial water located 

on the surface of the sample material may lead to an increase in conductance 

beyond what is expected throughout the cross-section of the fuel particle. Sources 

of superficial water may include rainwater and is dependent upon methods of 

storage (James, 1988). Variation in the location of water within a sample may also 

affect the accuracy of moisture content estimates following this method. Fuelwood 

moisture content is shown to be significantly higher across the middle-surface of a 

split log than in the end-grain (Glass et al., 2010). Estimated moisture contents may 

be higher by a factor of 1.4 depending upon the location of sampling (Price-Allison 

et al., 2018) due to accelerated drying at the end-grain resulting in an increased 

loss of bound water via evaporation. Such processes are also important with 

regards to the thickness of the fuel particle assuming an uneven gradient in water 

location throughout the particle (James, 1988). It is assumed that fuelwood which 

has been allowed to dry naturally via seasoning will present a higher water content 

in the centre of the particle and a lower water content at the particle surface. Given 

that the range of depth to which electrode pins penetrate the sample surface is 

relatively small (1-5 mm), it is unlikely that an accurate estimate of the fuelwood 

moisture content will be determined if the sample maintains a large thickness. Due 

to the high variability in the distribution of moisture within a fuelwood log it is 

recommended that sampling is undertaken at multiple locations across the exposed 

surface (Woodsure, 2018). The primary variable effecting the accuracy of digital 

resistance type probes is the operator. Variation in the methods applied in the 

assessment of moisture within a fuel particle can lead to significant changes in the 

derived moisture value (James, 1988). Therefore, it may be difficult to reconcile 
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probe values collected at different testing facilities under differing conditions or 

using different probe appliances.  

4.2  Materials and Methods  

Moisture testing was undertaken on seasoned European ash (Fraxinus excelsior L.) 

and seasoned European beech (Fagus sylvatica L.) fuelwood logs [Ashtrees Ltd, 

Leeds, West Yorkshire]. All bark on the fuelwood logs was removed to mitigate 

potential sources of mass loss through particle fragmentation and the vaporisation 

of incorporated surface contaminants (Obernberger et al., 2006; Phillips et al., 

2016). A total of three samples of each species were selected for the determination 

of moisture. Prior to testing the fuel particles were stored in a sheltered outdoor 

woodstore at the same humidity and temperature conditions so as to allow for 

equilibrium. The estimated density of European ash and European beech is 700-

900 kg/m3 and 710 kg/m3 respectively (Toolbox, 2004).    

The moisture content of the logs was determined using two methods:  

i. using a resistance-type digital moisture meters based on BS EN 13183-

2: 2002, manufacturer guidance and (HETAS, 2018) recommendation. 

ii. oven-drying method to a maximum temperature of 105°C based on BS 

EN ISO 18134-2: 2015 (Proximate analysis of the whole logs). 

4.2.1  Estimation of Fuel Particle Moisture Content via Electrical 

Resistance  

In accordance with BS EN 13183-2: 2002, HETAS (2018) and the manufacturer 

guidance an estimation of the fuelwood moisture content was undertaken via the 

application of a series of 2-pin resistance-type handheld digital moisture meters. 

Because of the possibility of free water on the particle surface and the effect of the 

water gradient through the cross-sectional area of the logs only insulted-type 

electrodes were applied. The insulated electrode pins were pressed into the surface 

of the exposed fuel particle to a maximum depth of 1-5 mm (Price-Allison et al., 

2018). Electrode penetration was undertaken at 90º to the grain direction. This 

contrasted with the suggested method provided in BS EN 13183-2: 2002 however 

the direction of electrode orientation has been shown to offer limited effect 

(Tarvainen and Forsén, 2000). A stabilisation period of 5 s was applied before 

recording the estimated moisture content. In order to account for the likely variation 

in moisture across the length and cross-section of a fuelwood particle the method 

was repeated at six locations across two of the exposed particle faces. A numerical 

average (x̄) and standard deviation (σx̄) was calculated for each of the particles 
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analysed. The point of sampling was undertaken at similar distances for each of the 

particles and was spaced to avoid interference from inconsistent physical 

characteristics including bark-residue, knots and resin pockets. 

4.2.2  Measurement of Fuel Particle Moisture Content via Oven-

Drying  

Following a method similar to BS EN ISO 18134-2: 2015 the moisture content of the 

log sample was calculated via mass loss during oven drying in air at a temperature 

not exceeding 105ºC±2ºC (so called Proximate analysis). The loss of volatile 

components is believed to be negligible at this temperature (Price-Allison et al., 

2018). Each of the fuelwood particles were placed on a pre-weighed tray in a drying 

oven [Memmert] until a mass loss of <1% is observed per 24 h period. The 

fuelwood moisture content was determined on a wet basis (Equation 4.5) where m1 

is the mass of the empty tray, m2 is the mass of the empty tray plus the mass of the 

wet fuel particle and m3 is the mass of the empty tray plus the mass of the oven-

dried fuel particle. Gravimetric measurements where made using a bench-top mass 

balance [Kern] and reported to the nearest 0.1%. This method is outlined in detail in 

Chapter 3.     

 

(𝟒. 𝟓)    𝑀𝐶% = (
𝑚2 − 𝑚3

𝑚2 − 𝑚1
) × 100 

4.2.3  Resistance Moisture Meter Devices  

A total of three 2-pin resistance type moisture meter devices were tested on each of 

the fuelwood particles prior to the determination of MC% via the oven-drying 

procedure. Each of the devices incorporated 2-pin type electrodes which were 

insulated so as to negate the effect of surface water and the moisture gradient in 

the fuel particle. A summary of the device characteristics is provided in Table 4.1. 

The WM01 and FIR 421 model appliances provided an internal calibration of a and 

b based upon the species of fuelwood being tested. Alternatively, the MD 812 

model did not provide an option for species calibration. Estimated moisture 

(MC%Probe) testing via the probe devices was undertaken under standard laboratory 

temperature and pressure conditions.    
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Table 4.1  Information regarding the digital moisture probes applied within this 
study 

Name Tacklife Dr Meter MD 812 Valiant FIR 421 

MC% Range 2%-70% 5%-40% 6%-48% 

MC% Error ±0.5% ±1% ±2% 

Voltage - 9v 9v 

Internal Calibration ✔ ✖ ✔ 

 

4.5  Results and Discussion  

Figure 4.4 presents the recorded moisture content of the beech and ash fuelwood 

as a function of time (t) during oven drying at 105±2°C (Proximate analysis 

method). The majority of mass loss is observed within the initial 24 h of drying via 

evaporation of bound and remaining free, or residual, water from the fuelwood 

material, and was 13.4±1.5% and 14.2±4.0% for beech and ash samples 

respectively. A subsequent 48 h of drying revealed a further mass loss of 0.4±0.1% 

and 0.2±0.0% for beech and ash samples. The moisture content of beech logs was 

found to be between 12.1% and 14.8% and present a range of 2.7% with an 

average moisture content of 13.9±1.5%. The moisture content of ash logs was 

found to be between 12.2% and 13.0% and present a range of 0.8% with an 

average moisture content of 12.5±0.5%.  
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Figure 4.4  Fuelwood drying profile as a function of t for beech and ash logs. 

Fuelwood drying was undertaken in accordance with BS EN 18134-1 at a 
maximum operating temperature of 105±2°C. 
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4.3.1  Variation in Moisture Content Between particles 

A summary of the fuel particle mass and MC (determined in accordance with BS 

EN ISO 18134-2: 2015 and BS EN 13183-2: 2002) is presented in Table 4.2. Some 

variation in the moisture content determined through oven drying is presented for 

beech sample material (σ=1.5%) while ash samples appear to be more consistent 

(σ=0.5%). Variation in moisture is likely the result of a number of variables relating 

to the fuelwood sample and material storage following splitting. Fundamentally, the 

drying profile of green wood is subject to the temperature of the particle, the 

ambient humidity and the water gradient of the sample (Simpson, 1991). Sample 

material was collected from a pile suggesting that fuelwood logs may have 

originated from different tree specimens or different locations within an individual 

tree. The distribution of water is known to vary across the tree structure and stem 

height. The volume and distribution of water within a tree is noted to vary with the 

majority of the total content located within the sapwood at the butt (base) of the tree 

structure (Espenas, 1951). The stem structure contains a significant volume of 

stored water, incorporating between 6-28% of the total daily water budget of an 

individual tree (Carrasco et al., 2014) however the volume may range between 30% 

and 200% of the dry mass of the tree depending upon location (Espenas, 1951). In 

addition, variation in the density of the fuelwood particle, often dependent upon 

species, has been shown to affect the storage and transport of water within a 

standing stem (Carrasco et al., 2014). Change in wood porosity is noted to vary 

between hardwood and softwood species due to the density, orientation and 

structure of the biomass cells. Such processes often mean that softwood and low-

density samples dry quickly while hardwood and high-density samples require a 

prolonged drying period. Similarly, variation in the drying potential between 

heartwood and sapwood may be observed following felling (Perre and Keey, 2014). 

The location of the fuelwood particle within the pile, following felling and splitting, 

may also lead to variation in the moisture content. Fuelwood particles located on 

the surface of the pile may dry faster in response to increased exposure to sunlight, 

improved air circulation and separation from ground humidity. Alternatively, 

inadequate storage may lead to an increase in the particle moisture content due to 

high humidity and rainfall exposure. Seasonality may also provide an impact of the 

moisture content of a log pile with trees felled within the summer presenting a 

higher moisture content than trees felled in winter month. This process, however, 

will not affect the moisture content of the sampled particles given the similar felling 

period under which the material was acquired. This variation is of significant 

importance during fuelwood combustion testing as it is likely that the moisture 

content determined during oven-drying practices will not be representative of the 
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fuelwood pile as a whole given the complexity of the drying process and material 

characteristics.      

 

Table 4.2  Fuel particle mass (g) and moisture content (%) determined by oven-
drying and digital moisture probe 

Material Sample 

 ID 

Wet Mass 

(g) 

Dry Mass  

(g) 

MC%Prox. 

(%) 

MC%Probe 

(%) 

Beech Sample 1 1433.6 1109.1 14.1 13.6±1 

Beech Sample 2 786.7 642.2 12.1 13.8±1 

Beech Sample 3 1266.4 1002.8 14.8 13.6±1 

Ash Sample 1 1000.8 817.3 12.2 13.8±1 

Ash Sample 2 1048.0 847.7 13.0 15.4±2 

Ash Sample 3 804.0 654.7 12.2 13.8±1 

 

It is possible that the size of the fuelwood particle could affect the inherent moisture 

content of the sample where an increase in the mass leads to an increase in the 

water content (Simpson, 1991). Figure 4.5 presents the variation in fuelwood 

moisture for each of the samples as a function of particle mass. A generally linear 

positive relationship is presented whereby an increase in the particle mass 

generally corresponds with an increase in the sample moisture content. Pearson’s 

correlation analysis indicates a r coefficient of 0.98 between particle mass and 

moisture content. The mass of particles analysed was in the range of 642.2 g and 

1109.1 g for beech samples and 654.7 g and 847.7 g for ash samples. Such 

disparity may therefore account for some of the variance in observed wt% moisture 

content between the fuelwood particles. As such, the selection of variably sized 

fuelwood samples from a pile may result in an unrepresentative measure of particle 

moisture content. This indicates a limitation in the determination of moisture via 

oven-drying given that the particles tested are not the same particles applied during 

combustion testing.     
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Figure 4.5  The effect of dry fuel particle mass (g) on moisture content (%). A linear 
regression fit is applied to the average data where y = a + b · x. 

4.3.2  Variation in Determined Moisture Content Between BS EN 

ISO 18134-2: 2015 and BS EN 13183-2: 2002 Methods  

Figure 4.6 presents the recorded values determined via electrical resistance for 

each of the beech particles. Figure 4.7 presents the recorded values determined 

via electrical resistance for each of the ash particles.   

The analysis of beech particles via both BS EN ISO 18134-2: 2015 and BS EN 

13183-2: 2002 methods determined similar results. The average moisture content 

determined for the three beech fuelwood particles via oven drying (MC%Prox.) was 

13.9±1.5% compared to 13.7±0.9% via electrical resistance (MC%Probe). In contrast, 

the average moisture content determined for the three ash fuelwood particles via 

oven drying was 12.5±0.5% compared to 14.3±1.5% via electrical resistance. The 

instrument error associated with resistant type moisture meters is determined to be 

±0.5-2.0%. As such, the average MC%Probe falls approximately within the bounds of 

the fuel particle MC%.   

A comparison of the MC%Probe for individual moisture probe devices reveals some 

disparity to the fuel particle MC% derived from oven-drying. The average beech 

MC%Probe was found to be 13.9±0.6%, 14.3±1.0% and 12.9±0.3% for devices 

WM01, MD-812 and FIR-421 respectively. The average ash MC%Probe was found to 
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be 14.2±0.8%, 15.7±1.6% and 13.1±0.6% for devices WM01, MD-812 and FIR-421 

respectively.  

Probe MD-812 presents the highest degree of error for beech (σ = 1.0) and ash (σ 

= 1.6) with MC%Probe recorded within the range of 12% and 16% for beech samples 

and 13% and 18% for ash samples. For this probe the MC%Probe was 13.9±1.0, 

14.8±1.0 and 14.3±0.8 for beech sample 1, 2 and 3 respectively, and 14.7±0.5, 

17.5±0.5 and 14.9±1.5 for ash sample 1, 2 and 3 respectively. Therefore, for this 

probe, MC%Probe values were inaccurate and overestimated the moisture content by 

a factor of 0.97 for beech fuelwood and 0.79 for ash fuelwood. The instrument error 

associated with this device is ±1%.  

Probe WM01 had the second highest degree of error for beech (σ = 0.6) and ash (σ 

= 0.8) with MC%Probe recorded within the range of 12% and 14.5% for beech 

samples and 13% and 16.5% for ash samples. The MC%Probe by this probe was 

14.05±0.6, 13.75±0.8 and 13.75±0.5 for beech sample 1, 2 and 3 respectively, and 

13.9±0.5, 15±0.6 and 13.9±0.7 for ash sample 1, 2 and 3 respectively. The average 

MC%Probe value was found to be equal to the moisture content derived by oven 

drying for beech fuelwood but the probe overestimating the moisture content by a 

factor of 0.9 for ash fuelwood. The instrument error associated with this device is 

±0.5%. 

Finally, probe FIR421 presents the lowest degree of error for beech (σ = 0.3) and 

ash (σ = 0.6) with MC%Probe recorded within the range of 12.1% and 13.5% for 

beech samples and 11.9% and 14.2% for ash samples. The MC%Probe was 

12.8±0.4, 13±0.3 and 12.8±0.4 for beech sample 1, 2 and 3 respectively, and 

12.9±0.4, 13.7±0.4 and 12.7±0.6 for ash sample 1, 2 and 3 respectively. The 

average MC%Probe value was an underestimate of the moisture content by a factor 

of 1.1 for beech fuelwood and overestimate the moisture content by a factor of 0.95 

for ash fuelwood. The instrument error associated with this device is ±2%.    
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Figure 4.6  Variation in estimated moisture content (%) of beech fuelwood using 
different test devices. Error bars represent the numerical mean ±2σ. — is the 

moisture content (%) derived from the oven-drying method undertaken in 
accordance with BS EN 18134-1. 
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Figure 4.7  Variation in estimated moisture content (%) of ash fuelwood using 
different test devices. Error bars represent the numerical mean ±2σ. — is the 

moisture content (%) derived from the oven-drying method undertaken in 
accordance with BS EN 18134-1. 
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The MC%Probe determined via electrical resistance was found to be variable 

between appliances. A non-parametric Mann-Whitney U test was conducted to 

establish whether the MC%Probe recorded by two probe devices was statistically 

different. A two-tailed significance value (ρ) of <0.05 was applied to test the null 

hypothesis of the comparison. For example, the mean lattice of MC%Probe values for 

beech fuelwood samples obtained using probe WM01 and MD-812 devices were 

13.9±0.6% and 14.3±1.0%; the distribution of the two groups is found to have 

differed significantly at a statistical level where U = 310.5 (n1 = n2 = 90) and ρ = 

0.036. Similarly, the mean lattice of estimated moisture values derived from probe 

WM01 and FIR-421 devices were 13.9±0.6% and 12.9±0.3%; the distribution of the 

two groups is found to differed significantly at a statistical level where U = 59.0 (n1 = 

n2 = 90) and ρ = 0.00. Finally, the mean lattice of estimated moisture values derived 

from probe MD-812 and FIR-421 devices were 14.3±1.0% and 12.9±0.3%; the 

distribution of the two groups is found to have differed significantly at a statistical 

level where U = 74.0 (n1 = n2 = 90) and ρ = 0.00. A similar statistical variance was 

observed between the MC%Probe derived from each device when testing ash 

fuelwood particles.     

4.3.3  Difference in Moisture Content Determined via Electrical 

Resistance and Oven-Drying 

Table 4.3 presents a ratio of the difference between the methods of determining 

fuel particle moisture content. The variation factor, as shown in Equation 4.6, 

indicates which probe provides a MC%Probe most similar to that observed when 

analysing moisture content in accordance with BS EN 18134-2: 2015. A factor of 

0.0 would therefore indicate equal moisture content determination when using a 

resistance type moisture probe and oven-drying. The WM01 probe the most 

accurate device when measuring the MC%Probe of beech fuelwood particles with an 

average variation factor of 0.08. The FIR421 probe is the most accurate device 

when measuring the MC%Probe of ash fuelwood particles with an average variation 

factor of 0.05. Furthermore, the FIR421 is shown to be the most reliable device for 

measuring MC%Probe relative to measured MC% across all particles. The MD-812 is 

shown to be most unreliable; likely in response to the inability to correct MC%Probe 

for different fuelwood species. 

 

(𝟒. 𝟔)    𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 = 1 − (
𝑀𝐶%𝑃𝑟𝑜𝑥𝑖𝑚𝑎𝑡𝑒

𝑀𝐶%𝑃𝑟𝑜𝑏𝑒
) 
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Table 4.3  Variation in estimated moisture content (%) of beech and ash fuelwood 
using different test devices.  

Sample 

Proximate WM01 MD812 FIR421 

MC%  MC% 
Variation 

Fac. 
 MC% 

Variation 

Fac. 
MC% 

Variation 

Fac. 

B
e
e
c
h

 1 14.7 14.1 0.04 13.9 0.05 12.8 0.13 

2 12.1 13.8 0.13 14.8 0.22 13.0 0.07 

3 14.8 13.8 0.07 14.3 0.03 12.8 0.14 

A
s
h

 1 12.2 13.9 0.14 14.7 0.21 12.9 0.06 

2 13.0 15.0 0.15 17.5 0.35 13.7 0.06 

3 12.2 13.9 0.14 14.9 0.22 12.7 0.04 

4.3.4  Disparity Between Proximate Moisture Content and the 

Moisture Content of Combusted Fuelwood Samples: The 

Effect of a Varying Moisture Content within a Pile  

The moisture content of fuelwood is recommended to be determined via oven 

drying of logs in accordance with BS EN 18134-1 (Proximate analysis). Proximate 

analysis of whole logs is time-consuming and often made in duplicate, triplicate or 

more so as to minimise sampling error in the determination of MC%Prox.; this value 

is then applied across the pile. As previously suggested, the moisture content of 

fuelwood stored in a pile may differ depending upon environmental and physical 

conditions. Furthermore, the value used for MC%Prox. is important since it is applied 

to the entire fuel pack mass during testing in accordance with BS EN 13240 and 

when calculating emission factor values. Consequently, the moisture content of 

fuelwood determined via oven-drying may not be representative of the logs used 

during combustion testing.  

This section evaluates the differences in fuel particle moisture content determined 

by oven-drying and using a moisture probe prior to combustion. The Low MC% 

beech and high MC% beech samples refer to fuels tested in Chapter 6. The kiln 

dried beech refers to fuel tested in Chapter 8. A sample of fuel was selected and 

used to determine MC% via oven-drying. This value was used in the determination 

of batch mass and in the calculation of emission factors. The MC%Probe values of 

fired fuelwood particles was determined prior to the firing of each fuelwood particle. 

Figure 4.8 presents the disparity between moisture content values of fuelwood 

particles sampled from a pile and determined via proximate analysis in accordance 

with BS EN 18134-1, and the moisture content of fired fuelwood particles estimated 

via electrical resistance prior to combustion. The proximate moisture content of 

previously kiln-dried beech was observed within the range of 14.5% and 21.1% with 
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an average MC% of 17.45±2.86. The MC%Probe for combusted logs was within the 

range of 14.6±3.5% and 27.8±3.3% with an average MC%Probe of 22.3±5.5% 

determined across all combusted particles. The difference is moisture content 

determined between sampled material and combusted material as well as between 

oven drying and electrical resistance methods was 4.9%. In this case, the disparity 

of moisture content between the proximate MC% and MC%Probe is likely in response 

to inaccuracies associated with the determination of moisture content by electrical 

resistance and variability in moisture content between sample particles and 

combusted particles. The average moisture content is shown to vary by a factor of 

0.8 between methods. A similar process is observed when determining the moisture 

content of fuelwood particles maintaining a low and high moisture content. In the 

case of fuelwood presenting a low moisture content the use a resistance type 

moisture meter determined an MC%Probe value below that observed when testing 

samples via oven-drying. In the case of fuelwood presenting a low moisture content 

the use a resistance type moisture meter determined an MC%Probe value above that 

observed when testing samples via oven-drying. The average moisture content is 

shown to vary by a factor of 1.1 and 0.9 between methods for low moisture and 

high moisture fuelwood respectively. The proximate moisture content is shown to 

be within the range of average MC%Probe with consideration of instrument error 

(±2%) for low MC% beech however there is a notable disparity between the 

proximate MC% and fuelwood MC%Probe for high moisture beech and kiln dried 

beech samples. Such disparity is likely in response to two factors: 

i. The fuelwood samples selected for proximate analysis in accordance 

with BS EN 18134-1 were not representative of the pile likely in 

response to variations in the environmental and physical properties of 

individual fuel particles. 

ii. The use of a resistance-type moisture probe was not suitable for 

deriving an accurate MC%Probe relative to the findings of an oven drying 

approach.  

It therefore stands to reason that both the techniques are suitable but potentially not 

comparable at a high degree of accuracy. Furthermore, careful selection and a high 

replicant number should be applied when determining the moisture content of a pile 

in accordance with BS EN 18134-1 given the heterogeneous nature of the fuel 

particles. Similarly, the attribution of a moisture content value via electrical 

resistance should only be applied when considering the error and limitations of the 

instrument.       
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Figure 4.8  Disparity of MC% and MC%Probe values between sampled particles and 

fuelwood applied for combustion testing. Error bars represent the numerical 
mean ±2σ. — is the range and - - - is the average of MC% derived from the 

oven-drying method undertaken in accordance with BS EN 18134-1. Data for 
Low MC% Beech, High MC% Beech and Kiln Dried Beech is derived from 
Chapters 5, 6 and 8. MC%Probe determined via electrical resistance was 

determined using a FIR 421 probe device.   
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4.3.5  Variation in Moisture Content Between End-Grain and 

Heartwood  

The rate of water loss during seasoning is changeable across the structure of a 

fuelwood particle (Chen and Lamb, 2007). Such processes lead to inconsistency in 

water distribution within a particle which can affect measurements of MC%Probe 

using 2-pin resistance type moisture probes (Price-Allison et al., 2018). The rate of 

water transfer is greatest in a longitudinal direction via the end-grain of the cut log 

(Glass et al., 2010). This may result in a generally lower moisture content at the end 

of the particle than in the centre of the log in response to accelerated drying at the 

position of the exposed end-grain (James, 1988).  

This section evaluates the differences MC%Probe values determined by sampling at 

the end-grain and centre of fuelwood particles. The fuelwood samples include kiln-

dried, seasoned and fresh-cut particles from the study described in Chapter 5. The 

MC%Prox. value was determined using the method described in Chapter 4.2.2. The 

MC%Probe values were found by taking six readings at the end-grain positions and 

six readings in the centre of the split log using the MD-812 device.  

Figure 4.9 identifies the variation in MC%Probe at the end-grain position and within 

the centre of split log particles. In freshly-cut sample material the average MC%Probe 

was found to be 28.9±5.2% in the centre of the particle and 20.7±1.0% at the end-

grain. Similarly, seasoned sample material presents an average MC%Probe of 

25.5±4.2% in the centre of the particle and 19.8±1.0% at the end-grain. Wood 

which had been exposed to kiln-drying presents the lowest moisture content 

however the variation in MC%Probe between the centre of the particle and the end-

grain is still prevalent: the moisture content is shown to be 4.4 ± 2.7% at the centre 

of the particle and 3.5±1.9% at the point of the end-grain. As such, the moisture 

content within the end-grain was lower by a factor of between 0.72 and 0.82 when 

compared with the MC%Probe recorded in the centre of the particle. The drying 

profile of wood relates to the inherent porosity of the material; an increase in the 

porosity leads to an increase in the rate of water loss and absorption. The wood 

permeability in a longitudinal direction, along the grain, is significantly greater than 

the permeability in a transverse direction. As such, the majority of water is 

transported along the grain allowing for an increased rate of moisture loss at the 

end of the particle (Chen and Lamb, 2007). The process of water loss at the end-

grain is driven through the exposed longitudinal capillary structure under 

atmospheric tension (Baker, 1956). The estimation of fuelwood moisture content via 

electrical resistance techniques should therefore consider only the MC%Probe values 

recorded at the centre of fuelwood particles in response to the likely high-water loss 

observed at the sample end-grain.            
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Figure 4.9  Variation in MC%Probe during moisture sampling in the particle centre 
and end-grain. The three fuels analysed include fresh cut beech (FCB), 

seasoned beech (SB) and kiln-dried beech (KDB) representing a spectrum of 
particle moisture contents. Data is taken from Chapter 5 and (Price-Allison et 

al., 2018). 

4.4  Conclusions  

A study was undertaken to investigate the effect of analysis method on the 

determination of fuelwood moisture content. Moisture content was determined via 

electrical resistance using three different digital 2-pin moisture meter devices. In 

addition, the moisture content of fuel logs was determined using oven drying in 

accordance with BS EN 18134-1 (Proximate analysis). A review of the proximate 

moisture values and estimated moisture values was undertaken so as to establish 

variation between analytical techniques and probe devices. Furthermore, the 

variation in the MC%Prox. and MC%Probe values of materials sampled from a pile for 

oven-drying and fuelwood particles, tested using a moisture probe, and used in 

combustion experiments was examined. Disparity of moisture content between 

proximate analysis sample material and fuelwood particles remaining within a pile 

was analysed. In addition, analysis was undertaken on the effect of measurement 

location on electrical resistance with respect to centre-grain and end-grain. The 

following conclusions have been made: 

i. The proximate moisture content of beech particles and ash particles was 

found to be 13.9±1.5% and 12.5±0.5% respectively. A higher degree of 
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variation in particle moisture content was identified in beech fuelwood 

particles due to specific particle properties including mass and 

environmental factors relating to storage. 

ii. The MC%Probe of beech particles and ash particles was found to be 

13.7±0.9% and 14.3±1.5% respectively. These values were different to 

that determined via oven drying with variation attributed to limitations in 

the method of MC%Probe determination and instrument error. MC%Probe 

was determined to overestimate the moisture content of beech samples 

by a factor of 1.01. Alternatively, MC%Probe was determined to 

underestimate the moisture content of ash samples by a factor of 0.87.  

iii. Variation in the MC%Probe determined by different moisture probe 

devices was observed and was found to be statistically and significantly 

different. The disparity of MC%Probe was likely in response to the internal 

calibration for constants a and b relative to R whereby probes WM01 

and FIR-421 allow for user calibration subject to material type while MD-

812 limits this capacity. 

iv. The WM01 probe is presented to be the most accurate device when 

measuring the MC%Probe of beech fuelwood particles with an average 

variation factor of 0.08. The FIR421 probe is presented to be the most 

accurate device when measuring the MC%Probe of beech fuelwood 

particles with an average variation factor of 0.05. Furthermore, the 

FIR421 is shown to be the most reliable device for measuring MC%Probe 

relative to measured MC% across all particles. The MD-812 is shown to 

be most unreliable likely in response to the inability to correct MC%Probe 

for different fuelwood species. 

v. Some degree of variation in MC% and MC%Probe may be attributed to the 

storage of logs within a pile. The locality of logs within a pile may result 

in increased rates or drying or water absorbance depending upon 

environmental conditions. The selection of fuelwood particles for 

proximate analysis and combustion testing should therefore consider 

such processes so as to ensure heterogeneity of fuel material. The use 

of homogenous fuel particles should be considered to remove the effect 

of fuel mass on water storage. In addition, both the sampled particles 

used during MC%Prox. analysis and MC%Probe analysis (prior to 

combustion testing) should be stored within a humidity-controlled 

environment to ensure equalisation of fuel moisture content.   

vi. A potential linear relationship between fuelwood particle mass and 

moisture content was determined whereby an increase in the weight of 

the post-drying log corresponded with an increase in moisture content. A 
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strong r correlation of 0.98 was presented between the variables. The 

selection of large fuelwood particles for proximate analysis and 

combustion testing may result in derivation of a moisture content that is 

not representative of the pile. Careful log selection for the measure of 

moisture content and combustion testing should therefore be undertaken 

so as to ensure uniformity of fuel particles. 

vii. Moisture content derived for the oven drying of sample material was 

revealed to differ to the MC%Probe values obtained from fuelwood 

particles prior to combustion testing. It therefore stands to reason that; 

the fuelwood samples selected for proximate analysis in accordance 

with BS EN 18134-1 were not representative of the pile likely in 

response to variations in the environmental and physical properties of 

individual fuel particles. Alternatively, the use of a resistance type 

moisture probe may not be suitable for deriving an accurate MC%Probe 

relative to the findings of an oven drying approach. 

viii. The MC%Probe sampled in the centre of fuelwood particles was found to 

differ from those collected within the material end-grain. MC%Probe was 

revealed to be lower at the end-grain than in the centre of the particle 

likely in response to the increased rate of drying at the end of the 

particle. 

ix. The determination of fuelwood moisture content via MC%Probe is for 

estimation only. The calculation of accurate moisture values requires 

adequate sampling and testing in accordance with BS EN 18134-1. 

However, the MC%Probe was generally found to represent the particle 

moisture content with consideration for instrumentation error (generally 

found to be ±0.5-2%). Such methods may therefore provide a 

reasonable indication of fuelwood moisture content during domestic 

seasoning practices prior to combustion.  

x. It is difficult to accurately determine the moisture content of fuelwood for 

the purpose of combustion testing. The destructive nature of accurate 

MC% determination means that the particles sampled for proximate 

analysis are not the same as the fuelwood logs applied during 

combustion experiments. Therefore, there is a high likelihood that the 

MC%Prox. value will not be representative of the fired fuelwood. This is a 

significant limitation in the application of oven-drying of fuels to be 

characterised for the purpose of combustion testing given the substantial 

effect of moisture upon the combustion reaction. As such, the use of 

moisture probe devices should be considered for all proximate and fired 
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fuelwood particles to ensure approximate homogeneity of moisture 

content.   

xi. If the wood within the pile is very dry following kiln-drying and 

appropriate storage, there should not be much in the way of discrepancy 

between the MC%Prox. values and the MC%Probe values. The difference 

between these values will likely fall within the instrument error 

associated with the method of application. The main problem occurs 

when the pile is very wet or has not been stored in an appropriate 

manner. In this event it is likely that the differences between MC%Prox. 

and MC%Probe will be more significant.  

xii. Following the completion of this work it is recommended that MC%Probe 

values are obtained from devices which have specific calibrations for the 

test material. The FIR-421 device appears most appropriate from the 

selection included within this study. Notwithstanding, the used of digital 

moisture meter devices should be used for the selection of fuelwood 

particles prior to firing only. The technique is not suitable for the accurate 

determination of fuelwood moisture content and an oven-drying 

approach should instead be considered. Finally, variation in fuel 

moisture content is likely when sampling from a pile. A method of 

mitigating erroneous results or combusting fuelwood particles which are 

not representative of the pile would be to ensure greater control of the 

storage conditions. The use of atmospheric controlled environments 

allow for the selection of ambient pressure, humidity and temperature 

which should mitigate significant differences in moisture content during 

storage.  
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Chapter 5 

Emissions Performance of High Moisture Wood Fuels 

Burned in a Residential Stove; Preliminary Study  

5.0  Chapter Overview  

This Chapter represents an initial investigation of the effect of fuel moisture content 

on emissions from a wood burning domestic stove, which has been published in 

Fuel. (2019). 239(1), pp.1038-1045. Two fuel types were studied: beech which is a 

hardwood, and spruce which is a softwood. The moisture contents investigated 

were for a freshly felled wood, a seasoned wood and a kiln dried wood. The effect 

of the moisture measurement method was considered using a commercial electrical 

conductivity probe moisture meter which was compared with laboratory analysis by 

drying in an oven at 105°C. It was shown that the probe can significantly 

underestimate the actual moisture content in certain cases. Correlations were made 

of the burning rate, the Emission Factors for the formation of gaseous and 

particulate pollutants as a function of the moisture content. We also studied the 

ratio of Black Carbon to Total Carbon (BC/TC) to obtain information on the organic 

content of the particles. The impact of moisture content on NOx emissions from 

thus type of stove is also explored although it is expected that NOx would only be 

dependent on the fuel-nitrogen content. 

5.1  Introduction  

The use of wood as a fuel is common throughout the world, although the extent 

varies from country to country depending on their energy requirements and the 

supply situation. The trend in wood usage has increased in recent years and has 

resulted in high particulate and air pollution emissions within urban locations with 

consequential adverse effects on human health (Kocbach Bølling et al., 2009; 

Orasche et al., 2013) and on climate forcing (Bond et al., 2013). The same situation 

applies to the use of cookstoves in developing countries where often less attention 

is paid to the quality of the fuel. There is increasing concern over the impacts of 

wood stoves on air quality in the UK and worldwide, especially in terms of 

particulate pollution.  

Recent improvements in stove design have resulted in a potential reduction in air 

pollution by improved control over the supply of air in the primary and secondary 

combustion chambers. However, increased particulate and pollution formation will 

result during cold-starting and reloading of fuel (refueling). Thus, lower emissions 

are dependent on operational practices but also on the fuel properties (L’Orange et 
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al., 2012; Ozgen et al., 2014; Fachinger et al., 2017). The use of pellet stoves and 

boilers and wood pellets with suitably defined fuel specifications has greatly 

improved the environmental impact in regions where it is economical to use these 

processed fuels. However, in many cases logs are used and there are 

inadequacies in fuel properties with regard to size and moisture content (MC). High 

moisture contents contribute to limited thermal performance and enhanced pollutant 

emissions following slow or incomplete combustion, and some studies have been 

made of this aspect (Shen, Wei, et al., 2012; Orang, 2015; Magnone et al., 2016; 

Fachinger et al., 2017).  

The effect of biomass moisture content on combustion and emissions has been the 

subject of a number of investigations. However, a difficulty is that it can vary 

depending on the initial moisture content in the wood and the humidity of the 

surrounding air. In the case of logs, as seen in Chapter 4, moisture can be lost or 

gained via the end grain so that the moisture is unevenly distributed throughout the 

log (Jirjis, 1995). There is an issue that the practical definition of moisture content 

into loosely defined categories such as kiln dried, seasoned and freshly harvested, 

is at present insufficient to define the use of wood as a fuel. Some schemes have 

been implemented in which the wood is certified to have a moisture content less 

than 20%, but so far there is still limited data available from real stove studies about 

their impact.  

Several papers have studied emissions from the combustion of biomass with 

various moisture contents. Shen et al. (2013) observed higher emission factors for 

smoke and polycyclic aromatic hydrocarbons (PAH) for fuels with high moisture 

content. Bignal et al. (2008) identified greater PAH and CO emissions in biomass 

fuels with high moisture content. It was observed that the combustion of dry 

biomass may result in rapid burning resulting in excessive consumption of oxygen 

within the stove and consequential production of greater smoke concentrations. 

Chen et al. studied the effect of moisture on wildfires (Chen et al., 2010), however 

these combustion systems are different to that in a domestic stove. 

This Chapter seeks to address the gaps in knowledge by measuring emissions from 

a wood burning stove which approximates real world conditions. The study 

determines the effects of the fuel moisture content on the burning rate and emission 

factors, using batch feeding in a single combustion chamber stove. In particular the 

work examines the particulate size and composition in terms of black carbon (BC), 

total carbon (TC) and brown carbon as well as organic carbon (OC). As discussed 

in Chapter 4, wood stove users are often reliant on ‘probe’ moisture analysers 

(Tarvainen and Forsén, 2000) for determining wood moisture content. The work in 
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Chapter 4 is extended here to further testing using an electrical conductivity probe 

device compared against laboratory analysis using a drying oven. 

5.2  Material and Methods  

5.2.1  Fuel Preparation 

Two species of wood, beech (a hard wood) and spruce (a soft wood) were supplied 

as logs (by Certainly Wood, Hereford, UK) and each wood was supplied with three 

moisture contents (MC%); they were designated as (i) fresh cut, expected MC% > 

40%, (ii) seasoned, expected MC% 25–35% and (iii) kiln dried, expected less than 

20% MC. 

The logs were prepared as follows. The fuels were stored as 2.5m cords in-situ for 

a period of weeks following felling and these provide the fresh cut samples. 

Following removal from the woodland, each of the cords were cut into 25 cm logs 

and seasoned by storing outdoors for 24–48 days, noting that the weather had 

been frequently damp. The kiln dried logs were prepared by heating in a kiln for a 

period of 50 h at∼100 °C. After receipt, the logs were kept in a covered, outdoor 

stores. The bark was removed prior to all combustion experiments and laboratory 

analysis, and for combustion studies the dimensions were approximately 25 cm×7 

cm. 

The wood moisture contents were determined using two techniques. A handheld 

two pin probe digital moisture meter (Dr Meter MD-812, supplied by Amazon UK) 

was applied to both lengths of the ‘end grain’ and in two locations across the 

exposed centre of the log. The use of the moisture meter provides an approximate 

moisture concentration at a depth of 1–5mm depth, depending on the hardness of 

the wood (beech is much harder to penetrate. The meter is suitable for the range of 

5–40% moisture content and is accurate to a resolution of 1% point. Measurements 

were made in a laboratory under conditions well within the operating specifications 

of 0–40 °C and a relative humidity of 0–70% RH. The total moisture content was 

also determined using a technique based on the Oven Dry method (BS EN ISO 

18134-1: 2015) on the logs being used for the combustion experiments. The 

temperature used during drying was such that the loss of volatile components, such 

as oils, in the wood is negligible. 
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5.2.2  Combustion Experiments 

A fixed bed 5.7 kW maximum capacity Waterford Stanley Oisin multi-fuel domestic 

stove was operated under batch loading conditions previously described (Mitchell et 

al., 2016; Atiku et al., 2016). 

This approach approximates typical ‘real world’ conditions but in these experiments 

the flue gases from the stack entered a dilution tunnel. The stove was mounted on 

a balance in order to measure the burning rate. Sampling ports were positioned on 

the flue-stack 1.43m above the combustion chamber. A FTIR analyser (Gasmet 

DX4000) with an integrated oxygen sensor was used for gaseous emission 

analysis. A pitot tube was used to measure the flue gas velocity. Particulate matter 

was sampled within the stack using a gravimetric method as described before, 

using a heated line at 120 °C leading to a filter-block (70±5 °C) housing 50mm 

micro quartz (Munktell) filter papers for sample collection for black carbon (EC) and 

organic carbon (OC) determination. Particulate matter (PM) concentrations and 

size-distribution were calculated post-dilution using a Dekati PM10 Impactor set up 

to separate for >PM10, PM10-PM2.5, PM2.5-PM1 and < PM1. The flue-gas sampling 

rate for this was 10±0.5 l/min and the temperature of the diluted air was 64±1 °C. 

Greased 25mm aluminium foils were used for the collection of the particulate matter 

and an additional 47mm (Whatman GF/F) was placed at the base of the impactor 

for <PM1 emission collection. The carbon monoxide concentrations pre- and post-

dilution were used to determine the dilution-factor in the dilution tunnel as CO is 

sufficiently unreactive at this temperature to permit it to be used in this way. Cross-

contamination between experimental runs was minimised by removing soot from 

the stove and flue between experimental runs and cleaning the sampling probes 

and measurement equipment. 

Each fuel was tested in duplicate, and each experiment consisted of two 

combustion cycles, a cold ignition cycle and a warm refuelling cycle. The cold start 

or ‘ignition batch’ was followed by a subsequent reload, this cycle was used for the 

measurement of gaseous and particulate emissions during the phases, ignition, 

flaming and smouldering. Means of replicate tests are reported. Both fuel batches 

incorporated a measured fuel mass between 1.2 kg and 1.8 kg and ignition was 

achieved by means of kerosene-based firelighters (Zip High Performance) with a 

mass of 100 g. As such, less fuel is used for testing fresh and seasoned fuelwood 

compared to kiln-dried fuelwood on an energy basis. This was a deliberate decision 

since it reflects user behaviour where a consistent number of logs would be used. 

Both firelighters and fuel were arranged in the stove in a reproducible geometrical 

arrangement for each of the experiments. Gaseous emissions were analysed by the 
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FTIR using 60 s resolution. In addition, mass and differential pressure were 

measured at 120 s sampling resolution. 

Emission factors (EF) for the different species (n), were determined as [species (n)] 

g/kgfuel [fuel] using effectively the method described by Fachinger et al. (2017) 

(although that paper uses thermal units). The method of determining EF is 

previously discussed in detail within Chapter 3. The emission factors obtained in 

this paper incorporate results over the whole combustion cycle and are sampled 

throughout the ignition, combustion and smouldering phases: initially they are 

obtained in mg/m3 dry flue gas at 0 °C, 101.25 kPa and 13% O2 and then converted 

to g/kgfuel. 

5.3  Experimental Results  

5.3.1  Fuel Analysis 

Logs were selected in duplicate, split, milled and sieved to an approximate nominal 

top size of 1.0 mm. A representative sample was used for proximate and ultimate 

analyses using the appropriate British Standard methods, analysis was undertaken 

in triplicate and means are reported. Proximate analyses are given in Table 5.1, 

where the entries are on a dry basis and accurate to ±0.5 wt% and were obtained 

using milled samples. Ultimate analysis results are also given on a dry ash free 

basis and are accurate to ±0.2 wt%, are also given in Table 5.1. The Higher 

Heating Values were calculated from the composition using the method given by 

(Friedl et al. (2005). They are accurate to ±2%. 

As expected, the three beech samples and the three spruce samples have similar 

elemental compositions. There are some variations due to the natural variability in 

samples taken from different parts of the tree; typically, the moisture varies as 

discussed in the next section. 
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Table 5.1  Proximate and Ultimate fuel analysis 

Fuel Fresh Cut 

Beech 

Seasoned 

Beech 

Kiln 

Dried 

Beech 

Fresh Cut 

Spruce 

Seasoned 

Spruce 

Kiln 

Dried 

Spruce 

Designation FCB SB KDB FCS SS KDS 

VM (db) 85.0 84.8 86.1 85.0 83.5 84.2 

FC (db) 14.7 14.7 13.7 14.8 16.2 15.8 

Ash (db) 0.3 0.5 0.02 0.2 0.3 <0.1 

C (%) (daf) 49.9 48.9 49.0 50.0 50.9 49.9 

H (%) (daf) 6.07 6.18 6.11 6.19 6.13 6.12 

N (%) (daf) 0.12 0.08 0.09 0.08 0.08 0.08 

S (%) (daf) 0.02 0.02 0.02 0.03 0.02 0.02 

O (%) (daf) 43.7 44.6 44.6 43.6 42.8 43.9 

HHV (db) 

(MJ/kg) 

19.8 19.3 19.5 19.9 20.2 19.9 

5.3.2  Fuel Moisture Contents (MC%) 

The accurate determination of the moisture content in logs (MC wt %) is difficult and 

the two methods previously described were used. Firstly, a commercial digital 

moisture probe was used as a method of estimating the fuel moisture content for 

each log consumed. This is the method typically available to stove users. Manual 

sampling of moisture content was determined across both the exposed centre of 

the log after splitting, which is the recommended measurement method, and within 

the end-grain. The results, some of which are at the extremity of the range of the 

meter, are summarised in Table 5.2. The errors shown there are the instrumental 

errors. 

The second method was to use a drying oven in order to determine the total water 

content in the samples by heating whole logs at 105 °C for 96 h; after this period of 

time the mass loss was constant within 2%. As discussed in Chapter 4, this method 

is considered to give the actual moisture content, but we estimate the overall error 

to be ±5%. These results are shown in Table 5.2. 
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Table 5.2  Comparison of moisture contents of the different fuels. 

Fuel Actual MC% (Heated 96 h in 

Drying Oven) (Error ±5%) 

MC% Estimate 1. 

(Probe, middle surface) 

MC% Estimate 2. 

(Probe, end grain) 

FCB 36.4 29±1 21±2 

SB 29.7 24±1 19±2 

KDB 3.6 4±1 3±2 

FCS 42.9 22±1 21±2 

SS 39.8 22±1 21±2 

KDS 7.1 5±1 7±2 

 

It is evident that the highest moisture values are those obtained by laboratory 

analysis using the Drying Oven method with the difference up to 100% between the 

two methods. The results for kiln dried logs are the only ones in agreement for the 

laboratory and probe tests. The outside measurements at a depth of 5mm were 

approximately similar, but the result for the end-grain were significantly lower. This 

is because the moisture in the logs is not uniformly distributed throughout and this 

inhomogeneity is greater for the highest moisture logs that have tended to dry from 

the end surfaces first. The values used in this study for moisture content of the logs 

are those by the Oven Drying method. The differences between this and the outside 

measurements are significant and in the case of logs with high moisture content this 

will influence the combustion behaviour; the centre of the logs will remain cooler for 

much of the combustion cycle. 

5.3.3  Burning Rate Studies 

Each experimental run incorporated an ignition cycle, during which the ease of 

ignition was investigated, followed by a subsequent reload and emissions test cycle 

for particulate and pollutant emission analysis. Fuel consumption and burning 

characteristics were made at 120 s increments and include visual recordings of the 

phase of combustion. 

The cold start ‘ignition batch’ testing identifies significant difficulty in wet-fuel ignition 

when compared with the kiln-dried materials. Additional firelighter batches were 

often required following the end of flaming combustion while fuel material remained. 

Both seasoned and fresh-cut fuel presented difficulty in achieving fuel ignition; both 

kiln dried beech and kiln-dried spruce required only the initial batch of firelighters. 

Typical results for the burning rate expressed as mass against time for beech wood 

samples are shown in Figure 5.1; duplicate runs (numbered 1, 2) for the kiln dried, 
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seasoned and freshly cut are given. The results for spruce are not shown because 

they behave in a similar way and show similar trends to the Beech. 

 

Figure 5.1  Plot of fuel mass against burning time for the beech and spruce wood 
samples. 

The burning rates were quantified in terms of a characteristic burning time, tb, of the 

exponential part of the combustion as tb=1/bc, where bc is the burning rate 

coefficient. The burning rate coefficient is a function of moisture, oxygen level, 

reactivity and the surface area. It is analogous to the function used in fluid bed 

combustion. The relationship between moisture content and characteristic burning 

time (below) shows what one would expect: drier burns faster, but the relationship 

is more complex than just that. Figure 5.1 shows the mathematical fit of the 

equations used in the case of all the samples. 

Statistical analysis showed that the coefficients of determination, R2, for the 

exponential part of the curves are as follows: FCB: 0.998 and 0.999; KDB: 0.995 

and 0.937; SB: 0.999 and 0.997; FCS: 0.961 and 0.997SS: 0.999 and 0.964; KDS: 

0.918 and 0.870. In most cases, the regression fit is good to very good. The 

exponential decay function is consistent with the expected mass loss during the 

period of consistent combustion. As a metric for comparing the behaviours of the 

various fuels, this is considered a reasonable criterion. It is observed that the curve 

for KDS is a less good fit. However, they are not sufficiently divergent from the 

‘exponential decay’ model to require altering model or the criterion which works well 

in all other cases. 
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Given the inherent variability in fuel moisture content, and resultant combustible fuel 

mass, a Characteristic Burning Time (CBT) (1/s), or the time required for the fuel 

batch to lose 37% mass, was used as a method of comparing burning rate 

independent of initial mass. Estimated values of CBT are plotted against fuel 

moisture content (%) so as to identify the effect of moisture content on burning rate. 

Figure 5.2a and 5.2b presents the variability in CBT against moisture content 

(MC%) obtained following the application of linear regression and estimated 

moisture content at the time of the combustion experiment. Whilst the data points 

are few and scattered there is an apparent dependency in the cases studied here 

and this is indicated by applying a regression line. The linearity of the relationship 

should not be assumed from this and more evidence is required. The errors in the 

MC% are estimated to be ±5% and in the CBT±10%. 

It is seen that the characteristic burning time increases with the moisture content 

but also that beech burns more rapidly than spruce and with approximately the 

same dependence on moisture content. Beech has only a slightly higher volatile 

content than spruce but as a hard wood has a significantly higher density (beech 

721 kg/m3, spruce 450 kg/m3), higher (and more reactive) hemicellulose content, 

and the thermal conductivity of beech is about three times that of spruce (Mason et 

al., 2016), although this does change as well with the moisture content. The 

increase in burning rate is consistent with the increased heat transfer rate due to 

the changes in the thermal conductivity. 

The temperature in the combustion chamber as a result of first gas phase flaming 

combustion and then smouldering bed combustion determines the characteristic 

burning times. These temperatures are reflected in the flue temperatures and the 

general behaviour has been observed by our previous studies (Mitchell et al. 2016, 

Maxwell et al. 2020) with this stove and other research groups, most recently by 

Fachinger et al. (2017). At the beginning of the combustion cycle there is an initial 

increase in the burning rate and flue gas temperature resulting from the initial 

devolatilisation followed by combustion of the partially decomposed biomass and 

char during the smouldering phase. The emission of smoke is higher over this short 

initial flaming period. 
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Figure 5.2a  Plots of the measured mass of the fuel throughout combustion with 
initial period of mass loss modelled to a linear function and the established 
combustion period modelled to an exponential function. The characteristic 

burning time is derived from the exponential function. (a) Fresh cut beech; (b) 
seasoned beech; (c) kiln dried beech. 
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Figure 5.2b  Plots of the measured mass of the fuel throughout combustion with 

initial period of mass loss modelled to a linear function and the established 
combustion period modelled to an exponential function. The characteristic 

burning time is derived from the exponential function. (a) fresh cut spruce; (b) 
seasoned spruce; (c) kiln dried spruce. 

a 
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There are differences in flue gas temperature for both beech and spruce fuels. Kiln 

dried fuels gave a much higher temperature, with peak conditions associated with a 

higher rate of combustion (Figure 5.3). This is particularly the case during the early 

phases of combustion. The enhanced burning rates associated with the drier fuel 

types results in higher peaks in the flue gas temperature. Significant variation in 

temperature is identified between kiln dried and fresh cut fuels, with experimental 

errors of ±5 °C. Here kiln dried beech has initial flue gas temperatures of about 620 

°C declining to about 150 °C at the end of the smouldering phase. In contrast, fresh 

cut beech has an initial temperature of about 325 °C declining to the same final 

temperature, 150 °C. Seasoned beech is intermediate in behaviour depending on 

the exact MC. Spruce, which has a lower mass burning rate produces temperatures 

which are slightly lower during the initial flaming phase. Kiln dried spruce gives an 

initial peak temperature of 580 °C eventually reducing to 150–180 °C. Fresh cut 

spruce gives a higher temperature of 300 °C and this is about halfway through the 

burning cycle; this is the result of the difficulty in the initial ignition process and the 

slow burning rate. 

 

Figure 5.3  Plot of characteristic burning time against moisture content for all the 
samples: ■, beech; □ spruce. 

5.3.4  Gaseous Emissions Analysis 

Emissions measurements were made for both the ignition batch and re-load batch 

cycles but only the reload batch results are used here. Data is presented in mg/m3 

under a standardised condition and on a dry gas basis. The nature of the emission 

curves follows the conventional pattern observed by other research groups, for 
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example, Fachinger et al. (2017). Mean values of the Emission Factors are given in 

Table 5.3 for all the fuels studied here. The percentage-estimated errors for the 

gaseous pollutants are ±8% and for the particulate matter (PM) ±10%. It should be 

noted that trace species measured by FTIR and recorded as ‘benzene’ and ‘CH2O’ 

may also include other similar species. 

The behaviour of some of the emission profiles from fuels with high moisture 

content does not follow the conventional pattern. The flaming combustion phase 

and the char combustion phase are far less distinct, and it was observed that some 

volatile material was released in spikes towards the end of the smouldering phase. 

The emissions of CH2O and C6H6 can be measured throughout the cycle and there 

is an emphasis the emissions of unburned species towards the end of the cooler, 

smouldering phase. It is likely that the centre of wetter logs remains relatively cooler 

and unreacted biomass is ‘trapped’ there and decomposes later. The resulting low 

temperature pyrolysis of wood produces complex organic compounds such as PAH 

and Brown Carbon (Atiku et al., 2016). 

NOx and SO2 emissions are shown to be unaffected by the fuelwood moisture 

content. Unlike other organic species the emission of NOx and SO2 does not 

increase during the combustion of higher moisture content materials. Given the 

higher combustion temperatures associated with dry fuelwood combustion and the 

similarity in emission between fuels it is assumed that NOx and SO2 formation 

occurs in response to the fuel NOx mechanism.   

 

Table 5.3  Overall cycle gaseous and total PM Emission Factors in g/kgfuel for the 
different woods. The % moisture contents of the woods are shown in 

parenthesis. Emission factor values in this table are updated since publication. 

Fuel CO CH4 CH2O C6H6 SO2 NOx PM 

FCB 

36.4% 

119.2±20.7 7.0±6.0 2.2±1.6 2.7±2.3 0.4±0.1 1.5±0.3 8.9±7.7 

SB 

29.7% 

96.8±13.2 3.4±1.9 1.3±0.1 1.5±0.1 0.5±0.2 1.4±0.0 2.3±0.3 

KDB 

3.6% 

70.0±25.4 0.74±0.2 0.2±0.0 0.3±0.2 0.2±0.1 1.1±0.1 3.6 

FCS 

42.9% 

106.9±1.0 5.2±0.4 1.7±0.6 2.2±0.5 0.0±0.0 0.8±0.0 9.0±4.2 

SS 

39.8% 

103.6±3.9 3.8±0.7 1.2±0.6 1.5±0.6 0.8±0.0 0.7±0.0 3.6 

KDS 

7.1% 

116.1±9.9 1.6±0.1 0.2±0.0 0.4±0.0 0.4±0.1 1.0±0.0 1.0 
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5.3.5  Particulate Matter Emissions 

The results obtained by the Dekati Impactor in the dilution tunnel are shown in 

Figure 5.4. Here the PM emissions are expressed in mass/m3 as measured directly 

by the Impactor. For each of the wood samples the experiments shown in Figure 

5.4 are in duplicate and the experimental errors are shown on the figures. 

It is seen that at the extremities of moisture content, i.e. very dry or high moisture – 

the beech produces more smoke than the spruce. The high particulate emission 

associated with the kiln dried wood was also associated with measurement of 

extremely low oxygen concentrations in the flue, indicating that the air flow was 

insufficient to permit complete combustion at this high burning rate. Beech was 

shown (Figure 5.3) to burn more rapidly than spruce resulting in the different in the 

total particulate produced. 
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Figure 5.4  Particulate emission obtained by the Dekati Impactor of the smoke 
concentrations (mg/m3) and PM mass (mg) for refuelled cycles plotted for all 

fuels studied. Error bars are presented as the standard deviation.  

5.3.6  Particulate Size Distribution  

The particle size distributions obtained using the Dekati Impactor are given in Table 

5.4. It is clear that the majority (at least 92%) of the particulate matter on a mass 

basis is less than 1 μm in diameter. The relative (%) error here is ±10%. The other 

fractions produced, PM1-PM2.5, PM2.5-PM10, >PM10, are all less than 3 wt% which 

means that the mass collected is very small, and here the relative (%) error is 

estimated to be ±30% The fact that most of the soot is <PM1 has implications in 
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relation to the number density of the soot and the effect on human health (Kocbach 

Bølling et al., 2009; Torvela et al., 2014). 

 

Table 5.4  Overall cycle gaseous and total PM Emission Factors in g/kgfuel for the 
different woods. The % moisture contents of the woods are shown in 

parenthesis.  

Fuel <PM1 PM1-PM2.5 PM2.5-PM10 > PM10 EC/TC 

FCB (36.4%) 98.6 0.7 0.3 0.5 0.15 

SB (29.7%) 95.4 1.4 1.2 2.1 0.21 

KDB (3.6%) 92.6 3.9 1.8 1.7 0.28 

FCS (42.9%) 97.3 1.1 0.7 0.9 0.015 

SS (39.8%) 92.2 2.6 2.6 2.6 0.15 

KDS (7.1%) 92.5 3.1 3.0 1.4 0.51 

5.3.7  Elemental Carbon/Total Carbon (EC:TC) Ratio 

Particulate samples taken from the dilution tunnel using the Dekati Impactor for the 

<PM1 fraction were collected on a filter paper and analysed for the ratio EC/TC, 

(Elemental Carbon/Total Carbon), by Sunset Laboratory Inc, a method used 

previously (Atiku et al., 2016) and described in Chapter 3. The results are given in 

Figure 5.5 and Table 5.4. The % relative errors for EC/TC are ±15%. 

It is apparent that the values for EC/TC are in the sequence kiln dried > seasoned > 

fresh cut, for both the beech and the spruce, but the values for spruce kiln dried are 

the highest than for beech. These results are slightly surprising because the fuel 

chemical analyses of the woods are similar; however, the cellulose content for 

spruce and beech respectively are 45 and 37 wt%, for hemicellulose 27 and 35 wt% 

and for lignin 27 and 21 wt%, which would explain the low values of EC/TC 

observed for beech (that is, high values of OC). The Modified Combustion 

Efficiency (MCE), which is given by the ratio [CO2]/[CO and CO2], has been used as 

a measure of combustion inefficiency but more recently Pokhrel et al. (2016) have 

shown that the ratio EC/OC provides a better correlation. Since TC=EC+OC then 

the data in in Figure 5.5 shows the increase in combustion inefficiency as the 

moisture content increase for both woods. Shen et al have shown that there is a 

correlation between EF (PM) and OC (Shen, Tao, et al., 2012). 

Samples were also taken directly from the undiluted flue gases using the smoke 

meter and deposited on filter papers. Because the kiln dried beech burns the most 

rapidly, only four filters could be collected (one every 10 min); six filters were 

collected for the other two fuels for which the test lasted longer. It was seen for the 
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kiln dried and the seasoned beech that the samples obtained during the initial 

flaming phase were black but those obtained during the later smouldering phase 

are slightly brown. These last samples are brown carbon as observed using this 

stove before (Atiku et al., 2016). Increasing the MC in the samples increases the 

combustion time at lower fuel temperatures. Thus, the Seasoned and Fresh Cut 

Wood samples produced increasingly greater amounts of ‘Brown Carbon’, and this 

is especially the case with the Fresh Cut wood, presumably caused by low 

temperature reactions inside the logs. This effect does not seem to have been 

observed before although Butcher and Sorenson (1979) observed that 42–77 mass 

% of wood fire soot could be extracted with benzene, and more recently Fachinger 

et al. (2017) observed that the organics in PM1 from wood stoves was 40%. Purvis 

et al. looked at organic speciation and concluded that the temperature at which the 

particle size sample is collected has a major impact on the measured distribution of 

organic material (Purvis et al., 2000). Burning high moisture wood has a deleterious 

effect on both environment and climate change because of both the increased 

emission of Black Carbon and also Brown and Organic Carbon. 

 

Figure 5.5  Measurements of the particulate EC/TC ratio for all samples over the 
whole cycle taken in the dilution tunnel using a refuelled batch. 
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5.4  Discussion  

5.4.1  General Features of the Effects of Moisture 

A study has been made of the effects of moisture in lump firewood (small logs) 

under real world conditions. As discussed in Chapter 4, there are some interesting 

issues about measuring the moisture content because of the nonuniformity of the 

distribution of the moisture in the wood which causes uncertainties here as well as 

in the interpretation of emissions quoted in previous publications. 

5.4.2  Comparison With Other Published Results 

The effects of moisture are complex affecting the burning rate and the formation of 

secondary combustion products. Emission factors are given for the gaseous and 

particulate species but there are only a few other studies in which the results can be 

directly compared. For example, Fachinger et al. (2017) made studies of EF for PM1 

from a wood stove but did not specifically give the moisture contents of the fuels 

studied and averaged results for a number of woods which were in a narrow range; 

they also stated that very dry wood resulted in elevated particulate emissions. Other 

examples are Tihay-Felicelli et al. (2017) using green waste, Chomanee et al. 

(2009) with rubber wood, Bahadori et al. (2014) with bagasse and Lu et al. (2009) 

using straw. This work identified a reduction in total PAH combustion generated 

emissions from dried rice and bean straw following an increase in moisture content 

up to 30. This was attributed to a reduced combustion temperatures. 

Of particular interest from both an environmental and a health point of view is the 

extent of the emission of particulate matter and associated organic matter. This has 

been the subject of a number of investigations, but there are difficulties in 

comparing experimental results from other research groups because of differences 

in the combustion units but also because of different methodologies used to collect 

sample. The particulate matter consists of carbonaceous soot particles together 

with a layer of PAH, associated particulate organic matter as well as fragments of 

ash and char. The amount of organic matter that is deposited on the collection filter 

depends on the temperature of the collection filter (Jones et al., 2017), which is 64 

°C in these experiments, but is often not specified. It is seen from the data for 

EC/TC in Table 5.4 that the amount of organic matter present is considerable, the 

values of EC/TC are low. 

The results from the present experiments for the emission of total particulate matter 

from fuels with different moisture content are given in Figure 5.6. Also shown are 

data from other researchers where they have used stoves which have a similar 
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design and method of operation to the present work. Data from Fachinger et al. 

(2017) and Bäfver et al. (2011) as well as Mitchell et al. (2016) using the same 

stove as the present experiments are given: in most cases results have had to be 

averaged. Shen et al. (2013) have obtained data for different moisture levels (5–

27%) for a range of woods (mainly Chinese Popular) for a brick cooking stove but 

these are not included in Figure 5.6 because the stove type (designed for cooking) 

and PM sampling arrangements are different. However, the results parallel our 

results in Figure 5.6 but are ca. 20% higher. NIWA (2007) produced a report in 

2007 showing that the in situ wet weight particulate emission factor was 3.3 g/kgfuel 

and was about three times smaller than the emission factor of 11 g/kgfuel for pre-

1994 wood burners. These results are constant over the range of 13–54 % moisture 

content. This is in contrast to the pre-1994 results which showed a strong parabolic 

variation with moisture content, and with the results in this paper and those of Shen 

et al. (2013). It raises an interesting issue about how the present results can be 

scaled and applied to other stove with different designs and thermal capacities. 

It is seen from present results in Figure 5.6 and Table 5.4 the similarity of the 

behaviour of the particulate matter, benzene, which is an important intermediate in 

soot formation, formaldehyde and methane (which are indicators of the 

decomposition products from biomass). The EF for soot are in accord with previous 

investigations, namely that above 25% MC the smoke increases markedly (Bäfver 

et al., 2011; Magnone et al., 2016). However, this work indicates that below 5%MC 

here is no increase in smoke emission over the whole cycle, although there is for a 

short initial part of the cycle during ignition or refuelling. The main advantage of 

using very dry wood is the ease of ignition, but this comes at a cost, the energy 

required to dry the wood. 
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Figure 5.6  Plot of the Emission Factors for (a) C6H6, (b) CH2O and (c) total PM 
against Moisture Content. Data is also included from Magnone et al. (2016) 

and Mitchell et al. (2016).  
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5.4.2  Effects on the Combustion Process 

Optimum moisture content is considered to be between about 8 and 20%MC where 

the effect of moisture on emissions is not significant other than changing the heat 

available on a mass basis. The type of wood is significant, whether it is hard or soft 

or indeed an agri-residue based fuel such as straw. Visually it is observed that if 

very dry log wood is ignited the process occurs smoothly and transition to flaming 

combustion soon occurs. But when the stove is refuelled with very dry wood it burns 

rapidly initially with the copious release of soot, and this process changes during 

the transition to flaming combustion. Very wet wood (> 40% moisture) burns badly; 

moderately wet partially seasoned wood retains moisture within the wood which 

results in overlapping combustion stages as a result of delayed pyrolysis which 

forms decomposition products during smouldering, releasing CH4, 

CH2O, C6H6 and also forming brown carbon etc. NOx was not the primary focus of 

this study, since it is well established that at the low temperatures observed in this 

type of stoves, NOx formation is dominated by FuelN as discussed by Mitchell et al. 

(2016) and the references listed in that paper. This is supported by the 

experimental results for spruce, which are within experimental error for all fuels. 

NOx formation was higher during the combustion of Beech fuelwood and it is 

assumed that moisture content may be having an impact on the nature of the 

emission of the nitrogen species. Both Chen et al. (2010) and Shen, Tao, et al. 

(2012) found that moisture affects the partitioning of nitrogen between NOx and 

NH3, but further research is required to fully understand the impact of moisture on 

nitrogen partitioning amongst NOx, NH3 and N-PAH. 

5.5  Conclusions  

A study was undertaken to investigate the effect on the moisture content in the 

range 3.6 – 42.9 wt% on the combustion of wood logs in a domestic stove, and the 

following conclusions were made: 

i. The measurement of moisture in wood logs can lead to different results 

depending on the method used; analysis of the actual moisture contents 

determined by the Drying Oven method were different in some cases to 

those given by a handheld probe analyser. The results from the former 

were adopted. 

ii. Mass burning rates were a function of moisture content and wood type 

and have been quantified for the cases studied here. 

iii. The emissions of particulate matter over a whole combustion cycle were 

found to increase with increasing wood moisture in the range studied; 
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this was paralleled by the emissions of benzene (and similar aromatic 

species) and formaldehyde. 

iv. Measurements of the ratio EC/TC (elemental to total carbon) indicate 

that the emissions of organic carbon decrease as the wood is drier. 

v. In all cases studied the particulate matter mainly consisted of PM1. For 

both woods the PM1 was higher for freshly cut wood than for kiln dried. 

vi. NOx emissions were not seen to be affected by fuel moisture in these 

stoves, only by the FuelN content. 
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Chapter 6 

The Impact of Fuelwood Moisture Content on the Emission 

of Gaseous and Particulate Pollutants from a Wood Stove  

6.1  Introduction  

Air pollution from residential biomass combustion has been shown to cause 

detrimental effects on both climate and human health (Bond et al., 2013; Mitchell et 

al., 2019). While such effects have been inaccurately attributed to being only 

regional (Scandinavian) issues or historical issues in Europe, recent research 

suggests increased contemporary pollution in a number of urban locations including 

London, Berlin and Paris amongst others (Fuller et al., 2013; Fuller et al., 2014). EU 

2020 strategy targets require 20% of energy generation by renewable means and 

social issues including fuel poverty and ease of access to low-cost grey fuelwood 

resources have all been associated with increased domestic biomass combustion 

practices (Wagner et al., 2010; DEFRA, 2017). Though UK policy has attempted to 

mitigate the effect of domestic combustion, through Ecodesign 2022 and Clean Air 

Strategy 2019 legislation, processes of user behaviour are shown to provide a 

significant control on overall pollutant formation and appliance efficiency (Ozgen et 

al., 2014; Wöhler et al., 2016; Fachinger et al., 2017). The moisture content of 

fuelwood has been shown to have significant effects on combustion conditions and 

pollutant formation in small-scale residential heating and cooking appliances 

(Simoneit, 2002; Shen, Wei, et al., 2012; Magnone et al., 2016; Fachinger et al., 

2017; Price-Allison et al., 2019). A number of previous studies have investigated 

such effects. However, given the complexity of the combustion reaction and the 

many variables to be considered, further exploration is required to better 

understand the issue (Houck and Tiegs, 1998; Magnone et al., 2016). 

It is well established that the combustion of biomass and other solid fuels leads to 

the formation of a complex mixture of gaseous pollutant species (Koppmann et al., 

2005) and carbon-based aerosols commonly identified as soot (Magnone et al., 

2016). These products are formed as a result of the incomplete combustion of 

carbonaceous materials, including wood, and small-scale combustion appliances 

have been identified as a significant source (Bond et al., 2004). Previous work has 

identified an increase in the formation of particulate emissions corresponding to 

higher moisture content of the fuelwood (Price-Allison et al., 2019). During heating 

and prior to flaming combustion, water vapour, resinous compounds and pyrolysis 

products, derived from the parent hemicellulose and lignin composition, are 

liberated from the fuel at a specific temperature range. During this process, water 

vapour acts as a rate limiting influence creating a cooling effect within the firebox 
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thus requiring additional heat energy for fuel drying. The greater the quantity of 

water vapour, the greater the energy requirement prior to ignition (Simoneit, 2002; 

Shen, Wei, et al., 2012). Studies reported in the literature have generally shown a 

positive correlation between fuel moisture content and pollutant emission formation, 

predominantly in response to the cooling effect of water within the combustion 

reaction resulting in lower combustion temperatures and inhibited combustion 

efficiency (Shen, Tao, et al., 2012).     

The relationship between fuel moisture content and pollutant formation is more 

complex. A number of studies have revealed the detrimental impact of moisture 

content on pollutant formation associated with small-scale domestic combustion. 

There is evidence that the total particulate (PMt) formation increases during the 

combustion of fuels comprising a higher moisture content with a number of 

examples found within the literature (Purvis and McCrillis, 2000; Shen et al., 2013; 

Chomanee et al., 2015; Magnone et al., 2016; Price-Allison et al., 2019). It has 

been estimated that moisture content may account for 43% and 38% variance in 

particulate emission formation and combustion temperature respectively (Wilton 

and Bluett, 2012). Conversely, the effect of fuel moisture content has also be shown 

to reduce PMt formation in systems with improved oxygen availability and controlled 

burning rates (Zhao et al., 2008; Lu et al., 2009). There is also evidence that the 

composition of soot is varies with the combustion of higher moisture fuels generally 

resulting in a high organic carbon (OC) and low elemental carbon (EC) fraction 

(Price-Allison et al., 2019). Magnone et al. (2016) previously identified variability in 

the OC fraction of soot samples collected during the combustion of low moisture 

(10.34%) and high moisture (56.31%) fuels in response to differences in the 

temperature of the combustion reactions. In that study, the burning of low moisture 

fuel resulted in higher temperatures (344°C) and a lower organic fraction (29.15 

mg/m3) while high moisture fuel resulted in lower temperatures (320°C) and a 

higher organic fraction (39.06 mg/m3). Similarly, Shen et al. (2013) found that an 

increase in the moisture content of the fuel leads to a corresponding increase in 

PMt and OC formation while the elemental carbon (EC) fraction was shown to 

reduce in response to inhibited combustion efficiency and lower temperatures. 

The importance of understanding the effect of fuel moisture content upon soot 

formation and physiochemical characteristics relates to both the detrimental health 

effects during exposure and global climate change. Fuelwood maintaining an 

inappropriate moisture range is commonly combusted in small-scale heating and 

cooking appliances. The application of such fuelwood is fundamentally in response 

to the origin of the fuel material with the majority of logs combusted within 

residential appliance coming from a “grey market” and maintain no certification or 
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control on fuel properties including moisture content (BEIS, 2016). Such practices 

are likely to result in the formation of varied gaseous and particulate carbonaceous 

species commonly associated with respiratory disorders and climate forcing. 

Combustion of fuels at optimum moisture conditions is therefore desirable to inhibit 

detrimental effects commonly attributed to such emissions. The purpose of this 

study is to evaluate the effect of fuel moisture content on pollutant formation and 

stove efficiency in this context. The findings of the preliminary study (Chapter 5) 

identified gaps within the emission inventory which aimed to assess the impact of 

moisture on emissions. Additional testing is therefore required to fully quantify this 

process. Furthermore, the study examines how the subsequent changes in 

combustion conditions result in differences in the structure and composition of 

derived soot materials.      

6.2  Materials and Methods  

6.2.1  Fuels 

Combustion experiments were undertaken using ‘low-moisture’ and ‘high-moisture’ 

hardwood beech (Fagus sylvatica L.) logs [Ashtrees Ltd, Leeds, West Yorkshire] as 

a principal fuel. The moisture content of the ‘low-moisture’ fuel was 12.4±0.2% and 

was prepared following a kiln-drying method for a period of 24 hours at 50°C in 

accordance with HETAS and Woodsure certification. The ‘high-moisture’ fuel 

maintained a moisture content of 23.6±2.6% and was prepared following a short 

seasoning period. The moisture content was determined using two methods: 

i. oven-drying method to a maximum temperature of 105°C based on BS 

EN 18134-1 

ii. using a digital moisture meter as previously described in Price-Allison et 

al. (2018).  

All bark on the fuelwood logs was removed so as to mitigate potential sources of 

contamination and increased emissions from secondary sources (Obernberger et 

al., 2006; Phillips et al., 2016). Finally, fuel particles where cut to an average length 

and width of 224±1.4mm and 80±1.2mm respectively. 

6.2.2  Combustion Experiments 

Combustion testing was undertaken on a HETAS approved Waterford Stanley Oisin 

multi fuel heating stove. A review of the combustion testing facility, procedure and 

instrumentation is presented in Chapter 3. 
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Each experimental procedure generally consisted of three warm-start test batches 

with each burn consisting between 1132 g and 1454 g of fuelwood. The mass of 

fuel within the stove was selected based on the inherent moisture content in 

accordance with BS EN 13240. Particulate sampling using the manual-suction 

pump device was undertaken in a separate testing series whereby dry-fuel and wet-

fuel where subsequently applied following burnout. The Cold-start testing was 

undertaken using a mixture of dried fuelwood with kindling or an alternative dried 

fuel [briquetted biomass, Hotmax] with ignition achieved using a kerosene-based 

firelighter [Zip, High Performance]. As such, cold-start data is disregarded and is 

not evaluated in this work. The point of fuel reloading was selected based upon the 

mass of unburned fuel and bottom ash present upon the grate.  

The sampling of entrained soot within the flue gas was undertaken using two 

methods:  

i. Total soot (PMt) sampling was undertaken under diluted conditions using 

a heated (30ºC) impactor [Dekati, PM10] with a pump and flow controller 

[Bronkhorst, Mass View] at a sampling rate of 10.0±0.1 L/min. 

Particulate emissions were collected on 25mm greased aluminium foils 

for size fractions of ≥10 μm, 2.5-10 μm and 1.0-2.5 μm [CFG-225, 

Dekati]. A 50 mm micro-quartz backup filter with a pore size of 0.3 μm 

[Gilson, RF-360-050] was applied to collect PM emissions below 1.0 μm. 

Soot samples collected from the impaction method where applied for 

emission factor quantification (PMt) and soot composition analysis.  

ii. A second method of soot sampling was undertaken within the flue using 

a small manual-suction pump device [Testo Smoke Pump] designed in 

accordance with DIN 51402 and ASTM D2156. The suction pump was 

applied within the flue and sampled a fixed flue gas volume of 1.63±0.07 

m3 across a 2-5 second period. Sample flue gas was drawn across a 

filter media where entrained soot particles where fixed with a sample 

taken every 2 min – 5 min.   

6.2.3  Fuelwood Characterisation  

Fuel analysis was undertaken via TGA using a sequential temperature program 

outlined BS EN 14774-3, BS EN 15148 and BS EN 14775. The elemental 

composition of the fuel was analysed using a CE Instruments Flash EA1112 

analyser (CHNS) in accordance with BS ISO 17247. Fuel sampling and preparation 

was undertaken in accordance with BS EN 14780. A summary of the results are 

shown in Table 6.1. 
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Table 6.1  Proximate and Ultimate analysis of test fuel material. 

Fuel Type Beech Fuelwood 

VM% (%db) 75.8±0.4 

Ash% 10.5±0.6 

FC% 13.7±0.4 

Bulk MC% (%ar) Dry Fuel Wet Fuel 

12.4±0.2 26.7±2.6 

HHV (MJ/kgdb) 18.2 18.2 

LHV 11.8 14.6 

C (%db) 46.1±0.6 

H 5.7±0.1 

N 0.4±0.01 

S 0.00* 

O 37.3±0.9 

*value is recorded below the detection limit; db indicates dry basis; ar indicates as 

received basis 

6.2.4  Sample Analysis 

Particulate sample material was collected via gravimetric sampling and impaction 

as presented in Chapter 3. Particulate colour and sample density analysis was 

undertaken using an X-Rite spectrodensitometer. The sample darkness was 

therefore calculated as (d) = 100 – L. The colour-shift of soot samples where 

estimated using GIMP GNU [2.8.14] image manipulation and analysis software and 

expressed using a red, green or blue (RGB) additive colour model (Nishad, 2013). 

The physiochemical structure of soot collected on micro quartz filter papers was 

analysed using a Renishaw inVia Raman Spectrometer. The Raman shift spectrum 

was evaluated in the range from 500 to 2500 cm-1. In addition, Thermogravimetric 

analysis (TGA) was applied as a method of determining Elemental Carbon (EC) 

and Organic Carbon (OC) fractions within the soot using a Netzsch STA449 

instrument. The composition of the organic soot fraction was determined by 

pyrolysis-GC-MS. An optical investigation of the soot particle morphology and 

physical structure was undertaking using a FEI Nova NanoSEM 450 device 

operating at 3 kV with energy dispersive x-ray spectroscopy (EDX). The absorption 

and light attenuation of highly organic soot and highly elemental soot was 

determined by way of ultra-violet visible spectroscopy (UV-Vis). A summary of the 

analytical techniques is provided in Chapter 3.    
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6.3  Results  

6.3.1  Moisture Content Determination   

As previously discussed, the moisture content of the fuelwood logs was determined 

following two methods: 

i. Firstly, a representative sample was selected and heated at a 

temperature not exceeding 105 °C in accordance with BS EN 18134-1. 

The fuelwood samples continued to be heated until the change in 

measured mass loss reduced to less than 1% over a 24-hour period. 

The overall measured mass loss value determines the bulk MC% and 

incorporates all of the moisture within the sample material as identified in 

our previous work (Price-Allison et al., 2019).  

ii. The second method of MC% determination was applied using a digital 

moisture meter [Valiant FIR421]. This method involves penetrating the 

fuel particle to a maximum depth of 5 mm with two electrode pins. An 

estimation of the MC% value is determined through measurement of the 

electrical resistance, or corresponding conductance, of the material 

between the two pins. The presence of a higher water content acts as a 

conduit for current transfer and, as a result, a lower resistance. The 

accuracy of the device is ±2% with a range of 6-48% water content. The 

analysis device is maintained and calibrated empirically by the 

manufacturer to ensure accuracy. This method was applied at six 

locations across the exposed surface of each fuelwood particle prior to 

combustion testing. Figure 6.1 shows the distribution of moisture probe 

results and the range of bulk drying results for the low moisture and high 

moisture fuels. The bulk MC% value was determined to be 12.4±0.2 and 

26.7±2.6 for low moisture and high moisture fuels respectively. The 

deviation of results is higher for wet fuelwood samples in response to the 

inhomogeneity of sample material. 
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Figure 6.1  Distribution of fuelwood moisture content values using two methods of 
MC% determination. • indicates the moisture content as determined by the 
digital moisture meter. The horizontal lines (─) indicate the range of bulk 

moisture content values determined through drying the sample material at 
105°C. 

6.3.2  Burning Rate and Combustion Temperature   

Monitoring of mass loss, combustion temperature and flue gas velocity allow 

determination of combustion conditions within the stove. Higher combustion 

temperatures generally correspond to an increase in the fuel conversion rate while 

lower combustion temperatures tend to correspond with detrimental combustion 

conditions (Alves et al., 2011; Fachinger et al., 2017). The flue gas temperature is 

taken as indicative of combustion temperature while burning rate (kg/hour) is 

calculated as a function of measured mass loss over time. 

Fuel conversion rate is presented in two formats: 

i. Firstly, the rate is shown on a min/min basis (Figure 6.2) so as to 

establish the variance in conversion during ignition, flaming combustion 

and smouldering phases.  
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ii. Secondly, the rate is calculated on a complete batch basis for the 

purpose of comparing the effect of fuelwood moisture content across the 

complete combustion cycle (Table 6.2).  

Burning rate is quantified as kg/hour on an ‘as-fired’ basis. The rate of conversion is 

shown to vary throughout the combustion experiment. Initially, there is a short 

period of slow burning which occurs during the fuel drying phase which varies 

significantly depending upon the moisture content of the fuel and the temperature 

within the firebox. This is followed by a period of rapid fuel conversion during the 

flaming phase prior to a period of slowed burning during the smouldering phase. 

Similar fuel conversion profiles are shown by Mitchell et al. (2016) and Maxwell et 

al. (2020) when burning fuelwood logs in the same domestic heating appliance. 

This process is similar for both dry fuelwood and wet fuelwood combustion. The 

rate of conversion appears to vary depending upon the moisture content of the fuel 

with the combustion of dry fuel generally corresponding with higher burning rates. A 

maximum burning rate of 6.6 kg/hour and 3.6 kg/hour was observed during dry 

fuelwood and wet fuelwood combustion respectively. The burning rate was shown 

to increase on a batch-basis with a reduction in the fuel moisture content as 

presented in Table 6.2. The rate of conversion increases after each consecutively 

applied batch of fuel when the moisture content is low. However, the opposite effect 

is observed when the moisture content is high. The reduction in burning rate 

following subsequent batch addition, when applying a wet fuel, is likely a 

consequence of the cooling effect of water vapourisation and subsequent energy 

loss associated with the enthalpy of vapourisation. The rate of conversion is 

affected by a number of variables including reactivity of the fuel particle, oxygen 

availability and surface area. However, combustion temperature is likely to be the 

primary control (Price-Allison et al., 2019). 
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Figure 6.2  Measured mass loss (kg) and derived fuel conversion rate (kg/hour) 
during the combustion of: a) low moisture and; b) high moisture fuel. --- 

identifies periods of fuel reloading. 

 

The temperature within the combustion zone is variable and controlled by a number 

of factors previously described. There is a difficulty in measuring combustion 

temperature inside the stove, principally because of the dynamic variability of the 

combustion reaction. Since the flue gas temperature can be measured more 

consistently, it may be taken as a proxyindicator for the conditions within the 

firebox. This approach is consistent with other studies in the literature (Lamberg et 

al., 2011; Fachinger et al., 2017; Price-Allison et al., 2019). Corresponding with 

burning rate, the heat release from a fuel particle varies depending upon the phase 
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of combustion. Following reloading, the slowed combustion reaction caused by the 

presence of moisture within the fuel leads to a reduction in both burning rate and 

temperature. During the fuel particle ignition and devolatilisation phases the 

temperature increases to a peak in the presence of flames followed by a period of 

cooling during smouldering. This process occurs during the combustion of both wet 

and dry fuel however the presence of water content within the fuelwood particles 

inhibits the combustion reaction and, as a result, reduces the temperature. 

Maximum temperatures of 605°C and 355°C were observed during dry fuelwood 

and wet fuelwood combustion respectively. Furthermore, the average temperature 

was notably higher during the combustion of dry fuelwood when compared with 

fuelwood with a higher moisture content (Table 6.2). In a similar pattern as 

observed with the burning rate, the peak combustion temperature increases for 

each subsequent batch of dry fuelwood while a reduction in temperature occurs for 

each subsequent batch of high moisture fuel. This is consistent with the higher 

energy loss resulting from the drying (enthalpy of vapourisation) of high moisture 

fuels and the cooling effect of water vapour within the combustion zone. 

 

Table 6.2  Variation in fuel burning rate and flue gas combustion temperature 
between test batches for high moisture and low moisture fuelwood. Burning 
rate, combustion temperature and oxygen concentration are measured on a 

complete batch basis. 

Test 

Number 

Low Moisture Fuel High Moisture Fuel 

Burning 

Rate 

(kg/hour) 

Temperature 

(°C) 

Oxygen 

(vol-%) 

Burning 

Rate 

(kg/hour) 

Temperature 

(°C) 

Oxygen 

(vol-%) 

TB1 2.0 394.9 15.8 1.4 289.9 16.22 

TB2 2.2 421.7 14.8 1.4 288.2 14.8 

TB3 2.9 472.9 11.1 1.4 271.0 13.6 

Average 2.4±0.4 429.8±39.6 13.9 1.4±0.03 283.0±10.5 14.9 

 

The average Combustion temperature is shown to vary depending upon the 

inherent moisture content of the fuelwood particles where an increase in moisture 

content generally corresponds with a reduction in temperature. Figure 6.3 identifies 

the relationships between combustion temperature and burning rate and flue gas 

velocity for both dry and wet fuelwood. Variation in the flue has velocity may be 

applied as an indicator of change in the pyrolysis product retention time within the 

combustion zone. Generally, an increase in combustion temperature corresponds 

with an increase in the burning rate and the flue gas velocity. Pearson’s correlation 
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analysis indicates a coefficient of 0.981 for temperature and burning rate. Similarly, 

a correlation coefficient of 0.986 is indicated for temperature and flue gas velocity. 

These correlations of temperature with fuel conversion rate and flue gas retention 

time are shown to be statistically significant to a level of P<0.01.   

 

Figure 6.3  Comparison of the effect of flue gas temperature on burning rate and 
flue gas velocity for low moisture and high moisture fuelwood. 

6.3.3  Combustion Efficiency 

The fuel conversion efficiency is calculated as the MCE as identified in Chapter 3 

and presented within the literature (Yokelson et al., 1996; Fachinger et al., 2017). 

Figure 6.4 shows the variation in MCE and CO2 concentration during the 

combustion of low moisture fuelwood (a) and high moisture fuelwood (b). During the 

combustion of dry fuel, the MCE follows a distinct and repeatable trend whereby 

efficiency increases to a peak following ignition and the onset of flaming 

combustion. A plateau period is then presented during flaming combustion often 

beginning during the point of peak combustion temperature. A steep decline in MCE 

and CO2 is subsequently observed following the end of the flaming phase and 

during the onset of smouldering combustion (Fachinger et al., 2017). The prolonged 

plateau period suggesting improved combustion conditions results in an MCE of 

0.94, 0.96 and 0.94 for TB1, TB2 and TB3 respectively. The average MCE 

observed during the combustion of dry fuelwood is 0.94±0.01. Alternatively, during 

the combustion of wet fuel, the MCE and CO2 concentration is shown to oscillate 
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with poor repeatability between test batches. Following ignition, a steep rise in MCE 

and CO2 is presented in response to the presence of a flame within the combustion 

zone. No stabilisation or plateau phase is presented in response to a prolonged 

drying period and extended phases of smouldering combustion. In addition, the CO2 

concentration is shown to be significantly lower than that observed during the 

combustion of dry fuelwood. Periods of heavy smouldering with limited flaming 

result in high CO formation where the CO2 concentration is negligible thereby 

inhibiting the application of MCE for determining efficiency. Oscillation in MCE also 

occurs in response to manual manipulation of the fuel bed undertaken so as to 

maintain the combustion reaction. An increase in the fuel moisture content results in 

an increased drying period and a reduction in the combustion temperature 

contributing in the onset of a smouldering-type combustion reaction. A low MCE of 

0.92, 0.89 and 0.87 is therefore observed during the combustion TB1, TB2 and TB3 

respectively. The average MCE observed during the combustion of wet fuelwood is 

0.89±0.03.   
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Figure 6.4  Variation in modified combustion efficiency (MCE) and CO2 formation 
during the combustion of low moisture fuelwood (a) and high moisture 

fuelwood (b). 

6.3.4  Gaseous Emissions   

Gaseous emissions monitoring was undertaken during the combustion of each 

batch of fuel and during each phase of particle combustion as such incorporating 

aspects of ignition, flaming combustion and smouldering. Figure 6.5 presents the 

emissions measurements for organic and inorganic gaseous species in mg/Nm3. It 

should be noted that pollutant species identified as benzene (C6H6) and 

Formaldehyde (CH2O) are likely to include a series of other trace species. The 
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nature and pattern of the emission profiles were found to generally correspond with 

similar measurements presented in earlier works (Pettersson et al., 2011; Maxwell 

et al., 2020). There is a 120 second data-gap in the emission profile at the point of 

manual reloading. The measurements in this period are invalidated by the effect of 

air inundating the firebox while the stove door is opened. During the combustion of 

dry fuelwood, the CO concentration measurements follow a typical profile whereby 

formation is low during the flaming phase and higher during particle ignition and 

smouldering. During the combustion of wet fuelwood, the CO concentration 

measurements show a different profile, remaining high throughout the combustion 

cycle with the highest pollutant formation following fuel addition. This is primarily 

due to the higher MC% content of the fuel particles and the prolonged drying period 

required prior to ignition. CO formation is therefore generally higher throughout the 

combustion cycle where combustion temperatures are inhibited during the flaming 

phase (Vakkilainen, 2017).   

Nitric oxide formation is observed to be variable throughout the combustion cycle 

with higher emissions during periods where the rate of fuel conversion was highest 

(Figure 6.5). NO is the most common nitric species in the flue gas composition and 

incorporates 90% of total NOx. Fuel bound NOx is considered the most common 

route of formation and is derived from the conversion of nitrogen within the fuel 

composition to NO and NO2 (Glarborg et al., 2003; Koppejan and Loo, 2008; Bugge 

et al., 2020). The process of conversion is known as the fuel NOx mechanism and 

involves the thermal decomposition of nitrogen-containing compounds within the 

fuel during devolatilisation. The combustion of fuels with a higher FuelN 

composition, such as coal and peat (0.5-2.5%), generally corresponds with 

increased NOx formation when compared to low FuelN materials such as fuelwood 

(0.003-1.0%). NO formation is shown to be similar during the combustion of wet 

and dry fuelwood with formation following a similar trend to the fuel particle burning 

rate. Formation is generally highest during the flaming phase and lowest during 

smouldering. However, the total formation is shown to be unaffected by combustion 

temperature where the correlation coefficient (r) for the combustion temperature 

and emission factor is 0.693. Total NOx formation is therefore unlikely to be 

affected by alternative routes of formation, including the thermal NOx mechanism, 

as the combustion temperature remains relatively low (<1400 °C) (Bugge and 

Haugen, 2014). Instead, formation is affected by the burning rate and subsequent 

rate of devolatilisation of the fixed nitrogen content within the fuel. Given the 

uniformity of the fuel nitrogen content, only the rate of NO formation appears to 

vary. Similarly, SOx formation is derived from the fuel sulphur content with SO2 

identified as the principal pollutant species. During typical stove operation between 

57-65% of fuel sulphur may be released and entrained within the flue gas while 
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between 35-43% remains within the char (Houmoller and Evald, 1999). As with 

NOx formation, the rate of SO2 emittance is paralleled with the fuel conversion rate 

however there is some correspondence with the combustion temperature where the 

correlation coefficient (r) for the relationship between the combustion temperature 

and SO2 formation is 0.818. Variation between SO2 emissions is presented during 

the combustion of dry fuelwood and wet fuelwood samples with the former 

generally associated with higher concentrations.      

Concentrations of gaseous organic species are shown to vary throughout the 

combustion cycle. Formaldehyde (CH2O) and Acetic acid (C2H4O2) formation 

generally peak immediately following stove reloading with a subsequent reduction 

throughout the flaming and smouldering phases. The trend appears similar during 

the combustion of dry and wet fuelwood however concentration of these species is 

significantly higher for the latter. The average organic concentration was found to 

be 130 mg/Nm3 for Formaldehyde and 214 mg/Nm3 for Acetic acid during the 

combustion of wet fuelwood. The concentration was shown to be significantly lower 

during dry fuelwood combustion testing where the average formation was 17 

mg/Nm3 and 23 mg/Nm3 for Formaldehyde and Acetic acid respectively. 

Differences between the trends are likely a result of variation in combustion 

temperature with moisture content acting as an inhibitor. Spikes in the pollutant 

emission concentrations are likely to be a result of delayed ignition following 

reloading. This results in the fuel being heated and undergoing devolatilisation 

before ignition of the gases and the appearance of flaming combustion. The 

devolatilisation contributing in heavy production of smoke which further inhibits 

ignition. Such processes are less pronounced during the combustion of dry fuel in 

response to the reduced drying period. Similar trends are observed for hydrocarbon 

species where emission concentration is shown to mirror that of the organic species 

indicating similar causation with regards to reloading, delayed ignition and 

combustion temperature. Methane (CH4) and Benzene (C6H6) were shown to be the 

most prevalent hydrocarbon emissions during the combustion of both dry and wet 

fuelwood. Furthermore, hydrocarbon emission concentrations are generally shown 

to be lower with an increase in the molecular mass (g/mol) of the gaseous species. 

For example, Methane with a mass of 16.04 g/mol is found in abundance while the 

heavier hydrocarbons including Hexane (86.17 g/mol) are only found at trace levels. 

A number of mid-batch peaks are observed which are evidence of the inherent 

variability in combustion conditions. Consistent with previous work, wet fuel appears 

to produce high emissions throughout the combustion cycle with high concentration 

of organic and hydrocarbon species identified during the cooler smouldering phase. 

The high moisture content in the wet fuel inhibits fuel particle heating leading to 
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unreactive biomass fractions retaining volatile constituents for a prolonged period 

under heating (Price-Allison et al., 2019).   
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Figure 6.5  Gaseous emission concentrations (mg/Nm3
db) for (a) low moisture 

fuelwood and (b) high moisture fuelwood. Solid vertical line indicates the point 
of fuel reloading. Dashed vertical line indicates the shift from the flaming 

phase to the smouldering phase.   
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Gaseous emission factors were calculated for each of the pollutant species using a 

total flow method as identified in Chapter 3. The values are presented in grams of 

pollutant per kilogram of dry-fuel combusted (g/kgfuel) and are calculated on a 

complete batch basis thereby including aspects of ignition, flaming combustion and 

smouldering. Table 6.3 presents the numerical average emission factors calculated 

for the three test batches where the stated error is the standard deviation of the 

sample. The standard deviation (σ) is quantified as the square root if the variance.  

A scaling factor is calculated to numerically quantify the variation in average 

emission factor values between fuel types. The factor is calculated as a ratio of the 

emission factor from high moisture combustion and low moisture combustion 

(EFHigh:EFLow). The variation is the pollutant emission factor values follow a similar 

trend to that presented in the emission concentrations. Carbon monoxide is shown 

to be higher during wet fuel combustion in response to reduced flaming and 

prolonged smouldering phases. Organic and hydrocarbon species are also shown 

to be higher during wet fuel combustion in response to reduced combustion 

temperatures with CH4, C6H6, CH2O and Acetic acid the predominant species. In all 

cases, gaseous pollutant species derived from wet fuelwood combustion were 

higher with scaling factors within the range of 12-15 for organic species and 3-23 

for hydrocarbon species. The formation of hydrocarbon pollutants appears to be 

influenced by the combustion temperatures and the molecular weight of the species 

with larger (heavier) products generally only present in trace quantities. CH4 is the 

most prevalent alkane species with the lowest molecular mass and saturated 

bonds. Products with a higher molecular weight correspond to lower levels in the 

gaseous mixture, likely as a result of the thermal cracking of compounds. Higher 

molecular weight compounds including C3H8 and C6H14 are less stable and more 

likely to be degraded under heating, thus leading to the formation of small alkane 

and alkene chains. Alkene compounds, C2H2 and C2H4, are less chemically stable 

and are a precursor to C6H6 and soot formation (Damodara et al., 2017). 
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Table 6.3  Numerical average emission factor values calculated from the complete 
combustion cycle for low and high moisture fuelwood in g/kgfuel 

Pollutant 

Species 

Molecular 

Weight 

(g/mol) 

Low Moisture 

Fuel (12.44%) 

High Moisture 

Fuel (26.68%) 

Scaling Factor 

(EFHigh/EFLow) 

CO 28.01 57.80±13.70 102.80±12.72 1.78 

SO2 64.06 0.52±0.20 0.94±0.18 1.81 

NOx 30.01 1.30±0.08 1.11±0.11 0.85 

CH4 16.04 0.61±0.28 5.39±1.33 8.84 

C2H6 30.07 0.12±0.05 2.70±1.04 22.50 

C2H4 28.05 0.21±0.15 1.14±0.21 5.43 

C3H8 44.10 0.07±0.04 1.19±0.46 17.00 

C6H14 86.17 0.04±0.02 0.61±0.22 15.25 

C2H2 26.04 0.23±0.13 0.69±0.14 3.00 

C6H6 78.11 0.44±0.23 3.68±1.02 8.36 

CH2O 30.03 0.26±0.15 3.13±1.07 12.04 

C2H4O2 60.05 0.35±0.35 5.15±1.60 14.71 

 

The behaviour of emission concentration profiles is shown to be dependent upon 

the combustion temperature. Combustion temperatures are shown to be higher 

during the combustion of dry wood as a result of lower energy loss during fuel 

particle drying and heat transfer within the subsequent water vapour matrix. Figure 

6.6 presents the correlation between combustion temperature and emission 

formation of organic and hydrocarbon species. Combustion temperatures are 

determined as an average of the flue gas temperature throughout the combustion 

cycle for each batch of fuel applied thereby incorporating periods of ignition, flaming 

combustion and smouldering. Analysis of the Pearson correlation coefficient (r) 

between temperature and emission formation shows a statistically significant 

correlation where an increase in temperature leads to a reduction in pollutant: 

CH2O: 0.913, C2H4O2: 0.926, CH4: 0.925, C6H6: 0.928, C2H2: 0.899, C2H4: 0.927, 

C2H6: 0.899, C3H8: 0.901, C6H14: 0.915. Average combustion temperatures are 

shown to be significantly higher during the combustion of dry fuelwood (Table 6.3). 

Fuel moisture content is shown to inhibit combustion temperature which, in turn, 

leads to an increase in gaseous pollutant formation. 
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Figure 6.6  The impact of combustion temperature upon organic (a) and 
hydrocarbon species (b) pollutant formation. Plotted results present the 
variation in temperature and emission formation trends for both higher 

moisture fuelwood ■ and low moisture fuelwood □.    

6.3.4.1 Flue Gas Condensate Analysis  

Entrained gaseous combustion products were extracted from the flue at a rate of 

10.00 L/min via a gas sampling unit [Gasmet, Portable Sampling System] and 

condensed in deionised water via a chilled impinger system. Condensate collection 

was undertaken throughout the combustion experiment incorporating both pre-test 

phase products and gaseous compounds generated during the combustion of 

subsequent test batches. A summary of the condensate analysis is presented in 

Table 6.4. 
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Table 6.4  Concentration of organic compounds in mg/L sampled within fuel gas 
condensate 

Condensate 

Composition 

Chemical Formula Molecular 

Mass 

(g/mol) 

Low Moisture 

Fuel (12.44%) 

High Moisture 

Fuel (26.68%) 

pH - - 3.6 3.27 

TOC - - 396.1±0.8 1727.5±13.0 

Total Phenols - - 31.5±0.5 80.0±2.3 

Acetic Acid CH3CO2H 60.05 143.1±25.9 109.9±0.1 

Propanoic Acid CH3CH2CO2H 74.08 10.5±5.1 28.9±0.2 

Isobutryic Acid C4H8O2 88.1 3.2±0.2 8.8±0.2 

Butyric Acid C4H8O2 88.1 1.5±0.2 6.0±0 

Isovaleric Acid C5H10O2 102.13 2.2±0.5 3.9±1.0 

Valeric Acid C5H10O2 102.13 1.8±0.1 0.8±0.1 

Isocaproic Acid C6H12O2 116.16 2.0±0.1 1.9±0.1 

Caproic Acid C6H12O2 116.16 1.9±0.6 0.5±0.1 

Heptanoic Acid C7H14O2 130.18 3.5±1.0 10.6±0.3 

Organic Acid Total - 169.7 171.2 

 

The total organic carbon (TOC) content of flue gas condensate was analysed using 

nondispersive infrared analysis (NDIR). TOC is identified as the total concentration 

(mg/L) of all organic carbon containing compounds in a condensate sample. 

Organic carbon molecules are described as compounds containing carbon bonded 

with hydrogen and often including oxygen. Organic carbon species may include 

protein, sugar, fat, alcohol and hydrocarbon formations. In the context of 

condensate derived from biomass combustion emissions the sample matrix is likely 

to include a mixture of methyl group hydrocarbons, carboxyl group acid compounds 

and alcohols derived from the thermal degradation of cellulose and lignin during the 

combustion reaction. Figure 6.7 presents the concentrations of TOC generated 

during the combustion of low moisture and high moisture fuelwood. As previously 

described, increased fuelwood moisture content leads to adverse combustion 

conditions resulting in increased pollutant formation. TOC formation is shown to be 

higher during the combustion of wet fuelwood by a factor of 4.4. These results 

correspond with increased pollutant formation identified in the gas phase as a result 

of reduced temperatures in the combustion zone.      
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Figure 6.7  Total Organic Carbon (TOC) concentration of flue gas condensate 
collected during the complete combustion run 

 

Total phenolic content was identified by mixing with 4-aminoantipyrine (C11H13N3O) 

resulting in a colour-shift within the solution and quantified via spectrophotometry. 

Phenolic molecules are identified as cyclic compounds including aromatic 

hydrocarbon rings bonded with phenyl hydroxyl groups (-OH) or associated radical 

compounds (Dyakov et al., 2007; Clarke, 2008). Phenolic compounds in 

woodsmoke have been shown to include a complex mixture of methylphenols and 

nitrophenols generated during the thermal degradation of lignin in woody biomass 

(Faix et al., 1990; Kjällstrand and Petersson, 2001; Li et al., 2020). Nitrated 

phenolic compounds are identified as a common product associated with the 

incomplete combustion of biomass or in response to the oxidation of phenolic 

precursors (Li et al., 2020). Such products are attributed with phytotoxic properties 

presenting detrimental effects on human and plants (Huang et al., 1995; Harrison et 

al., 2005; Morville et al., 2006). Phenolic molecule formation is in response to the 

pyrolysis of lignin within the parent fuel material. Figure 6.8 presents the variation 

in total phenolic compounds generated during the combustion of low moisture and 

high moisture fuelwood. As previously described, an increase in the fuelwood 

moisture content leads to adverse combustion conditions resulting in an increase in 

pollutant formation. Total phenolic compound formation is shown to be higher 

during the combustion of wet fuelwood by a factor of 2.5. Under ideal combustion 



- 193 - 

conditions these molecules are consumed by the thermal reaction and oxidized. 

During the combustion of fuelwood maintaining a higher moisture content the 

combustion temperature is reduced resulting in incomplete combustion. Derived 

phenolic compounds are emitted as gaseous pollutants or within particulate 

emissions.   

 

 

Figure 6.8  Total Phenolic concentration of flue gas condensate collected during 
the complete combustion run 

 

Volatile Fatty Acid (VFA) compounds and simple alcohol condensates were 

determined using gas chromatography with flame ionisation detection (GC-FID). 

Figure 6.9 presents the concentrations of VFA produced during the combustion of 

low moisture and high moisture fuelwood. A series of short-chain VFA’s were 

identified within the sample matrix including propionic acid (CH3CH2CO2H), 

isobutryic and butyric acid (C4H8O2), isovaleric and valeric acid (C5H10O2), and 

acetic acid (CH3COOH). Long-chain VAF’s identified in the matrix included 

isocaproic and caproic acid (C6H12O2) and heptanoic acid (C7H14O2). The 

condensate collected during dry fuelwood and wet fuelwood combustion was found 

to be acidic with, approximately, pH 3.6 and pH 3.27 respectively. The total 

carboxyl acid concentration was found to be similar with dry fuelwood combustion 

producing 169.7 mg/L and wet fuelwood combustion producing 171.2 mg/L. VFA 

formation occurs in response to the thermal degradation of cellulose during the 
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pyrolysis of biomass within the combustion zone. The concentration of carboxyl 

acid species is shown to reduce with an increase in the molecular mass. Acetic 

acid, with a molecular mass of 60.05 g/mol, is presented as the most common 

organic acid within the condensate incorporating 84.3% and 64.2% of the total 

organic acid composition sampled during dry fuelwood and wet fuelwood 

combustion respectively. Propanoic acid (74.08 g/mol) is also predominant within 

the condensate equating to 6.2% during dry wood combustion and 16.9% during 

wet wood combustion. Lower combustion temperatures are observed during the 

application of fuels maintaining a higher moisture content. A higher fraction of long-

chain VFA’s maintaining a higher molecular mass are observed during the 

combustion of wet fuelwood. Such compounds are only observed in trace 

concentrations during the combustion of dry fuelwood in response to the thermal 

degradation of such molecules under higher operating temperatures. 
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Figure 6.9  Flue gas condensate analysis for organic acid compounds collected 
during a complete combustion experiment. Sampling was undertaken during 

the pre-test batch and subsequent test batches at a rate of 10.0 L/min. 
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6.3.5  Particulate Emissions 

Total particulate emission (PMt) sampling was undertaken via impaction with size 

separation as per the specific gravity of aerosol constituents. Soot emission factors 

were found to vary during the combustion of low moisture and high moisture 

fuelwood with the former being lower by a factor of 2.9. Emission factors for each of 

the test batches are presented in Table 6.5. The average emission factors are 

shown to be 3.1±0.6 g/kgfuel and 9.3±4.9 g/kgfuel for low moisture and high moisture 

fuel respectively. In addition, the quantity of aerosol emission is shown to increase 

with each batch of fuel applied to the stove device; such processes appear 

prevalent for both dry and wet fuelwood combustion however the range of observed 

results is notably lower when the moisture content is reduced. Correlation is 

observed between average combustion temperature and oxygen availability (Table 

6.5) and the increase in particulate formation following subsequent fuel addition 

signifying potential oxygen starvation and increased smoking under enhanced stove 

operating temperatures (Rogge et al., 1998; Shen, Wei, et al., 2012). 

 

Soot Derived from Low Moisture Fuel Combustion 

TB1 TB2 TB3 

   

Soot Derived from High Moisture Fuel Combustion 

TB1 TB2 TB3 

   

Figure 6.10  Soot samples collected via an impaction device showing the variability 
in colour caused by the combustion of low moisture and high moisture 

fuelwood. 
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6.3.5.1 Elemental Carbon/Total Carbon (EC:TC) Ratio  

Analysis of the elemental and organic carbon fractions of sample particulate matter 

was undertaken on the <PM1 soot fraction via thermal decomposition (Figure 6.11). 

A notable variation is observed between the elemental carbon and organic carbon 

fractions of soot derived from fuelwood of differing moisture contents. Low moisture 

fuel is shown to predominantly form EC, or black carbon, with a smaller OC, or 

brown carbon, fraction. The variation in the colour of soot samples is presented in 

Figure 6.10. The soot produced during wet fuelwood combustion has a much larger 

organic fraction with only trace fractions of EC. The EC fraction of soot is shown to 

increase with each batch of dry fuelwood applied to the stove. The increased 

fraction is as a result of increased combustion temperatures resulting in the thermal 

decomposition of the organic fraction within the combustion zone. Similarly, an 

increase in the OC fraction during wet fuel combustion is shown following 

subsequent reloading in response to a reduction in the combustion temperature. 

 

Figure 6.11  TGA results for soot samples collected during the combustion of low 
moisture and high moisture fuelwood batches. Mass loss is presented on a 

mass basis (mg) for the period of OC (105-550°C) in the presence of N2 and 
EC loss (550°C) in the presence of air. 

 

EC:TC may be applied as an indication of combustion efficiency with higher values 

corresponding with improved combustion conditions and higher temperatures. An 
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average EC:TC of 0.84±0.09 and 0.25±0.03 was calculated for dry fuelwood and 

wet fuelwood respectively. A statistical analysis of the correlation between 

combustion temperature and EC:TC revealed a Pearson r value of 0.990 which was 

statistically significant at the 0.01 level. As such, an increase in the ratio of EC and 

TC during the combustion of dry fuelwood suggests a larger fraction of the organic 

aerosol fraction being consumed under improved combustion conditions.  

The observed colour shift in soot sample material is quantified across the RBG 

spectrum. Soot sample material collected during low moisture fuelwood combustion 

appears to present a black colouration with an average RGB value of 17.4, 17.6, 

17.7. This colouration is very similar to absolute black where the RGB value is 

equal to 0, 0, 0. The colouration is shown to be similar for each of the soot samples 

derived for dry fuel combustion. Soot collected during the combustion of high 

moisture fuelwood presents a dark brown colouration. The average RBG value is 

shown to be 56.5, 51.8, 43.1 where absolute brown is shown to be 150, 75, 0. 

Some variation is presented in the colour shift for soot derived for high moisture 

fuelwood combustion and appears to correspond with variations in the EC:TC.      

 

Table 6.5  Elemental Carbon and Organic Carbon composition of soot samples 
analysed via TGA. EC and OC values are presented on a mass basis (mg) 

and weight percent basis (wt. %) where TC=EC+OC. 

Fuel ID 

EF EC OC TC EC:TC MCE Colour 

g/kgfuel % mg % mg % a/b a/b 
RGB 

Shift 

Low 

MC% 

(12.44%) 

TB1 2.97 0.92 75.41 0.3 24.59 1.22 0.754 0.94  

TB2 3.69 1.31 83.97 0.25 16.03 1.56 0.840 0.96  

TB3 4.63 1.83 92.89 0.14 7.11 1.97 0.929 0.94  

High 

MC% 

(26.68%) 

TB1 6.46 0.71 26.89 1.93 73.11 2.64 0.269 0.92  

TB2 8.93 0.85 27.16 2.28 72.84 3.13 0.272 0.89  

TB3 17.57 1.23 21.62 4.46 78.38 5.69 0.216 0.87  

 

Figure 6.12 presents the effect of efficiency on the formation of EC and OC 

(presented as EC/TC) by the combustion reaction. The combustion of wet fuelwood 

results in a reduction in the MCE resulting in lower EC/TC values. Alternatively, the 

combustion of dry fuelwood results in an increase in the MCE resulting in higher 

EC/TC values. Figure 6.12 presents a generally linear correlation (R2 = 0.691) 

between EC/TC and MCE whereby an increase in the former results in an increase 

in the latter. Pervez et al. (2019) presents similar findings during the combustion of 

solid fuel in a cookstove appliance where smouldering combustion was generally 
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associated with a reduction in MCE and a lower EC fraction. Alternatively, higher 

temperatures during flaming combustion, resulting in a higher MCE, are generally 

shown to correspond with an increase in the EC fraction (Reid et al., 2005; Pervez 

et al., 2019).    

 

Figure 6.12  Correlation of EC/TC and the average MCE calculated on a complete 
batch basis. 

6.3.5.2 Soot Particle Size Distribution   

Previous work has identified the prevalence of the <PM1 soot fraction which often 

incorporates more than 95% of the total aerosol composition (Price-Allison et al., 

2019; Maxwell et al., 2020). Similar findings have been outlined within the literature 

whereby soot particles from biomass combustion were generally below 2µm (Oros 

and Simoneit, 2001). The dominance of such fractions are shown to be of particular 

importance with regards to human health given the toxicity of the associated 

compounds and likely contact with the respiratory tract given the particle dimension 

(Kocbach Bølling et al., 2009; Min et al., 2011; Mitchell et al., 2019). The 

combustion of dry fuelwood appears to produce a slightly higher fraction of larger 

soot particles (PM10>, PM2.5-PM10 and PM1-PM2.5) when compared with soot from a 

lower temperature reaction. A summary of the size fractionation of soot particles is 

shown in Table 6.6.         
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Table 6.6  Particle size distribution on a mass basis (mg) and percentage basis 
(wt%) for low moisture and high moisture fuelwood. 

Size Fraction Low Moisture Fuel  

(12.44%) 

High Moisture Fuel  

(26.68%) 

µm mg % mg % 

PM10 > 0.04±0.02 0.76±0.51 0.04±0.02 0.41±0.22 

PM2.5 - PM10 0.08±0.03 1.61±0.53 0.04±0.01 0.37±0.10 

PM1 - PM2.5 0.25±0.09 4.60±0.29 0.15±0.10 1.26±0.93 

<PM1 5.00±1.46 93.03±0.82 12.05±5.26 97.96±1.13 

6.3.5.3 Structure of Soot Samples  

The composition of soot samples collected during these experiments has been 

shown to vary depending upon the moisture content of the fuelwood. As discussed, 

the combustion of dry fuelwood resulted in a lower soot loading with the sample 

material incorporating a high elemental carbon and a low organic carbon fraction. 

Alternatively, the combustion of wet fuelwood resulted in a higher soot loading with 

the sample material containing a majority organic composition, as described in 

Figure 6.11. SEM with EDX was applied so as to assess the structure and material 

composition of the soot sample. Figure 6.13 show long chains of spherical 

particulate matter amassed within the filter matrix and maintaining a diameter of 

approximately 50 nm. These chains are synonymous with the elemental carbon 

fraction derived from dry fuelwood combustion. Alternatively, Figure 6.14 shows a 

more amorphous tar-like material which has developed into strands and globules 

across the filter matrix. This tar-like material is likely the organic carbon fraction 

previously discussed. Similar findings are presented in Figure 6.15. PMt emission 

factor values are shown to increase with each batch of fuel applied within the stove 

device (Table 6.5). Optical analysis of the dry fuelwood soot samples do not appear 

to show an increase in loading however this is likely in response to the layering 

effect of the gravimetric sampling method and chain-like structure of the sample 

material. PMt is also shown to increase with each batch of wet fuelwood applied 

within the stove however visual inspection of the sample matrix reveals an increase 

in sample loading. Processes of loading reveal an increase in the thickness of the 

strands of tar-like material across the filter substrate. 
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Figure 6.13  SEM images of soot samples (<1 um) from Low Moisture Fuel 
combustion. Figure a, b and c soot images are from TB1, TB2 and TB3 which 

show higher particulate formation which is representative of the elemental 
carbon fraction.  
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Figure 6.14  SEM images of soot samples (<1 um) from High Moisture Fuel 
combustion. Figure a, b and c soot images are from TB1, TB2 and TB3 which 

show higher tar formation which is representative of the organic carbon 
fraction.  
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Figure 6.15  SEM image of soot sample showing (a) chain of particulate 
amalgamates, (b) potassium chloride crystalline structures and (c) amorphous 

tar-like material    

a 

b 

c 
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Chemical microanalysis and classification of soot samples was undertaken using 

energy-dispersive x-ray spectroscopy (EDX). Soot samples generated during the 

combustion of both dry fuelwood (high temperature) and wet fuelwood (low 

temperature) contained a predominant organic fraction incorporating carbon and 

oxygen. As previously described, the formation of soot generated during low 

temperature combustion generally corresponds with a higher organic fraction 

incorporating tars and other volatile compounds while dry fuelwood combustion 

corresponds with an increased elemental carbon fraction (Figure 6.12). Figure 

6.16 presents the EDX spectra for soots collected during the combustion of low 

moisture and high moisture fuelwood. The spectra produced from soot samples 

generated during higher temperature combustion show higher inorganic fractions 

including sulphur (S), chlorine (Cl) and potassium (K) compounds likely in the form 

of potassium chloride (KCl) and potassium sulphide (K2SO4) crystals. High 

combustion temperatures generally correspond with an increase in the inorganic 

components within the sampled soot material. The lower peaks in the spectra 

observed from the testing of high moisture fuelwood indicate a lower presence of 

such species within the soot composition. 

 

Figure 6.16  Elemental composition analysis via EDX of soot from low moisture and 
high moisture fuelwood. 
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Inorganic constituents in the fuel are typically liberated at temperatures exceeding 

500°C with a minor, fractional loss at lower temperatures in the range of 180-500°C 

(Olsson et al., 1997). The concentration of alkali metal species within the soot 

liberated during the combustion reaction is proportional to the inherent metal 

composition of the parent material. Chlorine is identified as a primary trace element 

in biomass feedstocks and fuels. Higher Cl content in the fuel generally results in 

higher concentrations in emissions (Olsson et al., 1997; Johansson et al., 2003). 

Dayton et al., (1995) identified the impact of metal content in fuels on the release of 

alkaline species to the gas phase during the combustion of switchgrass containing 

chlorine (Cl) and potassium (K). An increase in the fuel inorganic compound 

concentration generally results in an increase in the subsequent emission, often in 

the form of potassium chloride (KCl) (Dayton et al., 1995; Mason et al., 2016). 

Variation in the combustion conditions has also been shown to have an effect on 

the liberation of alkali species from the fuel including the fuelwood moisture content, 

combustion temperature and O2 availability within the combustion zone (Dayton et 

al., 1995; Johansson et al., 2003). Obernberger et al. (2001) presents a potential 

mechanism for KCl and K2SO4 formation during the combustion of woody biomass. 

The mechanism involves the liberation of potassium, sulphur and chlorine from the 

parent fuel during heating at high temperature. Microparticles of calcium (Ca) are 

simultaneously released during the combustion reaction and entrained within the 

flue gas remaining in a crystalline form due to its higher melting point. KCl and 

K2SO4 occurs within the gas phase and formation subsequently condenses onto 

the calcium crystal surface while addition formation may occur via nucleation 

(Obernberger et al., 2001; Johansson et al., 2003). In addition to the vapourisation 

and condensation, or nucleation routes, inorganic particle formation may occur 

through the breakdown of residual fly-ash fragments entrained within the flue gas or 

maintained on condensed on fine organic soot particles initially produced as a 

function of incomplete combustion as identified in Figure 6.17 (Wiinikka and 

Gebart, 2004; Obaidullah et al., 2012). Given the relatively high activation energy 

required for the vaporisation of chlorine and potassium (168-238 kJ/mol), the 

formation of inorganic constituents within soot generally only occurs during high 

temperature combustion (Johansson et al., 2003). Similar findings have been 

reported by Rau (1989) whereby cold-stove combustion lead to the formation of 

tan-coloured soot comprising 55-60% organic carbon with minor traces of inorganic 

constituents. The combustion of biomass at high temperatures led to the formation 

of black-coloured soot comprising 20-60% carbon with high concentrations of 

inorganic constituents including potassium (11%), sulphur (1%) and chlorine (3%) 

(Rau, 1989). The increased concentration of sulphur, potassium and chlorine during 

the combustion of dry fuelwood is likely in response to the increased combustion 
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temperatures associated with the reaction. Reduced concentrations are observed 

during the combustion of high moisture fuelwood in response to the energy loss and 

cooling effect associated with water vapour within the combustion zone.          

 

Figure 6.17  Soot particle and inorganic component formation during the 
combustion of biomass (Sippula et al., 2009; Sippula, 2010; Obaidullah et al., 

2012). 

6.3.5.4 Py-GC-MS  

Evidence on the nature of the tar-like material was obtained by using PY- GC-MS 

analysis on the samples from the same quartz micro-filters. The resulting 

chromatogram for the high moisture wood is shown in Figure 6.18. The low 

moisture sample showed a similar chromatogram but with a much lower intensity. 

The fraction also contains peaks from organic acids which might explain the 

difference between the concentration of acetic acid measured by FTIR (given in 

Table 6.3) and the measured speciated lower molecular weight acid data in Table 

6.4. 
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Figure 6.18  Py-GC-MS chromatogram of soot material collected during low 
moisture and high moisture fuelwood combustion. 

6.3.5.5 Raman Nanostructure Analysis  

The first order Raman spectra of soot particles have been widely reported in the 

literature. A typical spectrum generally consists of two overlapping peaks located at 

approximately 1350cm-1 and 1585cm-1 (Dippel et al., 1999; Sadezky et al., 2005; 

Ess et al., 2016). This banding is clearly visible in Figure 6.19 where the same 

band conditions are present in both dry fuelwood and wet fuelwood combustion. 

The position of the graphitic and defect peaks maintains limited variation between 

when comparing spectra attained during dry soot and wet soot analysis. The D-

peak is identified at 1372±8cm-1 and 1373±4cm-1 for soot derived from low moisture 

and high moisture fuel respectively. Similarly, the position of the G-peak within the 

spectra is at 1590±4cm-1 and 1575±2cm-1 respectively for soots from dry and wet 

fuelwood combustion.  

The height-ratio (ID/IG) of the D-peak and G-peak may be applied as a method of 

characterising the nanostructural order of the soot material as identified in Ferrari 

and Robertson (2000) and Ess et al. (2016). A higher value of ID/IG is indicative of 

an increased structural order of the soot material. For example, spectra of a highly 

graphitic nature will present a high ID/IG value indicating high structural order while 

soot and other organic materials will present a low ID/IG and reduced structural 
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order. The intensity of the D-peak and G-peak and ID/IG ratio is presented in Table 

6.7. The ID/IG values of soot samples collected during dry fuelwood combustion 

appear to be relatively high (ID/IG = 0.93±0.04). The soot samples collected during 

wet fuelwood combustion present a significantly lower ID/IG value indicating lower 

graphitic order (ID/IG = 0.69±0.03). Furthermore, the ID/IG appears to be affected by 

the OC of the soot material. For example, Dry3 presents the lowest OC fraction and 

has an ID/IG value of 0.90 suggesting a higher structural order. The Wet3 sample 

was collected during very cool combustion conditions and was associated with a 

prolonged smouldering period leading to the formation of a higher OC fraction. The 

sample presents a significantly lower ID/IG value (0.65) indicating a more defective 

(less ordered) structure. The nanostructural order of the carbon within the 

amorphous material increases as the OC fraction of the material decreases. 

Though presenting a higher nanostructural order, the inherent amorphous nature of 

the soot means that the ID/IG values are lower than that observed in the literature for 

true graphitic materials (Ferrari and Robertson, 2000; Ivleva et al., 2007; Ess et al., 

2016). The enhanced intensity of the spectra from wet fuelwood combustion is also 

likely in response to a higher degree of florescence from the OC increased OC 

fraction. Lower intensity from the soot derived from dry fuelwood combustion is 

likely to be as a result of thermal decomposition of the OC fraction due to higher 

combustion temperatures (Ess et al., 2016). 

 

Table 6.7  Effect of OC fraction upon derived ID/IG value 

Fuel Sample ID OC (%) D Band 

Intensity 

G Band 

Intensity 

ID/IG 

Low Moisture Dry1 24.6 269 315 0.85 

Dry2 16.0 382 404 0.95 

Dry3 7.1 317 353 0.90 

High 

Moisture 

Wet1 73.1 1671 2356 0.71 

Wet2 72.8 1211 1738 0.70 

Wet3 78.4 1912 2924 0.65 

 

Highly graphitic carbon materials may include only a single peak centred at 

approximately 1580cm-1 as identified in Tuinstra and Koenig (1970). As previously 

discussed, amorphous and soot like materials tend to incorporate a pair of 

overlapping bands consisting of both a Graphitic and Defect peak (Dippel et al., 

1999; Ferrari and Robertson, 2000; Sadezky et al., 2005; Seong and Boehman, 

2013; Ess et al., 2016). A number of works (Sadezky et al., 2005; Ess et al., 2016) 
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have theorised the presence of a number of bands located within the D and G 

peaks which correspond with the nanostructural nature of the carbonaceous 

material. These bands include a G band centred at 1580cm-1 and D1 band centred 

1350cm-1 representing ideal graphitic lattice type structures and disordered 

graphitic lattice structures respectively. In addition, a D3 band is centred between 

the D and G peaks (1500cm-1) and represents interstitial defects and amorphous 

carbon vibrations. Furthermore, A D2 band (16200cm-1) identified as a shoulder of 

the G peak and D4 band (1200cm-1) as a shoulder of the D peak represent 

disordered graphitic lattices comprising polyenes, ionic impurities and organic 

compounds (Sadezky et al., 2005; Ess et al., 2016). A number of works have 

attempted to investigate fitting options for the identification of such bands with a 

combination of four Lorentzian (G, D1, D2 and D4) and one Gaussian (D3) 

providing the most accurate representation of the sample material (Sadezky et al., 

2005; Seong and Boehman, 2013).        

The shape of the Raman spectra is observed to differ between soot derived from 

dry fuelwood and wet fuelwood combustion. Soot developed during the combustion 

of dry fuelwood appears to be characterised by a lower D peak and an exaggerated 

G peak. The Raman spectra of soot generated during wet fuelwood combustion is 

characterised by two peaks of a similar intensity. The intensity of the spectra 

between the two peaks is identified as the D3 band and represents amorphous 

carbon materials. The resolution between the two peaks is shown to be reduced for 

soot samples collected during wet fuelwood combustion. The reduced resolution, in 

response to an increased intensity at 1500cm-1, suggests an increase in the OC 

and amorphous carbon content of the material. The amorphous fraction is identified 

as polycyclic aromatic compounds with other inorganic and organic components 

(Sadezky et al., 2005). An increased resolution in the peak-to-plateau of soot 

derived from dry fuelwood combustion suggests a reduction in OC and a minor 

amorphous fraction as identified by the EC/TC of dry fuelwood soot (Sadezky et al., 

2005; Ivleva et al., 2007; Ess et al., 2016). Furthermore, the D-peak shoulder, 

identified as a D4 band at 1200cm-1 in Sadezky et al. (2005), is shown to increase 

in intensity for soot materials generated during wet fuelwood combustion. The 

resultant effect is a reduction in the slope gradient between 1200cm-1 and 1350cm-

1. The D4 band is attributed to C-C and C=C stretching vibrations of polyene 

hydrocarbon structures (Dippel et al., 1999; Sadezky et al., 2005; Ivleva et al., 

2007; Ess et al., 2016). 

The stronger intensity spectra of the high moisture fuel soot samples is due to 

greater florescence from the higher OC benzenoid content. Though presenting a 

higher nano-structural order, the inherent amorphous nature of the soot means that 
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the ID/IG values are lower than that observed in the literature for true graphitic 

materials (Ferrari and Robertson, 2000; Ivleva et al., 2007; Ess et al., 2016). 

 

Figure 6.19  Normalised Raman spectra of soot sample material collected during 
dry and wet fuelwood combustion. Raman spectra is presented between 800 

cm-1 and 2000 cm-1. 

6.3.5.6 Variation in Soot Colour and Sample Density  

Additional soot sampling was undertaken by means of a small manual-suction 

pump device [Testo Smoke Pump] designed in accordance with DIN 51402 and 

ASTM D2156. Soot sampling was undertaken from the entrained flow in the centre 

of the flue approximately 1430 mm above the stove (1680 mm above the grate). A 

fixed flue gas volume of 1.63±0.07 m3 was sampled for a 2-5 second period at a 

rate of 20-49 m3/min. The sampled flue gas was drawn across a filter media where 

entrained soot particles were captured. This method allows an approximate 

estimate of soot concentration, in accordance with ASTM D2156, and allows for the 

retrieval of sample media from the flue at a higher sampling frequency. Soot 

sampling was undertaken at 2-5 min intervals. Soot material collected via this 

method are representative of PMt with no separation by specific gravity. Similar 

methods of soot collection are outlined within the literature with applications in 

engine emission monitoring (Dantas Neto et al., 2013) and stack gas sampling from 

boiler heating systems (McDonald, 2009; Mante et al., 2015). Stove operation was 
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maintained under similar conditions to those outlined previously. The combustion 

testing procedure incorporated a preliminary cold-start batch of dry fuelwood (CS-

D) followed by two subsequent warm-start batches. The initial warm-start batch 

incorporated dry fuelwood (WS-D) while the second incorporated wet fuelwood 

(WS-W). Following sampling, soot colour and darkness was analysed via a 

spectrodensitometer. The device was calibrated to measure optical density (L) 

where L=0 is represents black and L=100 represents white. The relative darkness is 

therefore a function of L and is calculated as 100-L.   

Variation in combustion conditions between the combustion of low moisture and 

high moisture fuelwood are shown to be consistent with previous testing. The mass 

of fuel batches was 1505±30 g, 1255±107 g and 1412±46 g for the CS-D, WS-D 

and WS-W batches respectively. The mass of fuel applied is below that of the 

conditions described in BS EN 13240 and is representative of an underloaded 

grate. The cold-start batch included 192 g of softwood kindling with a moisture 

content of 16.5±1.4% and 32 g of kerosene-based firelighter [Zip, High 

Performance]. As previously described (Chapter 3), the fuel reloading pattern was 

undertaken on a mass basis.  

Figure 6.20 presents the measured temperature, flue gas velocity and burning 

rates under different starting conditions (cold-start and warm-start) and fuel types 

(low moisture and high moisture fuelwood). As previously presented (Chapter 5), 

the combustion of fuelwood with a high moisture content resulted in a reduced 

burning rate and a prolonged combustion cycle. The average burning rate of low 

moisture and high moisture fuelwood under warm-start conditions was 2.29 kg/hour 

and 1.40 kg/hour respectively. The average burning rate of low moisture fuelwood 

under cold-start conditions was 1.68 kg/hour in response to the reduced 

combustion temperature. The introduction of high moisture fuelwood into the 

combustion zone appears to correspond with a spike in the rate of mass loss 

followed by a prolonged period of reduced combustion. The initial spike in mass 

loss is likely to be the result of loss of surface moisture from the fuel following initial 

contact with the hot grate/bed. The prolonged period of reduced combustion is in 

response to a prolonged drying period and the cooling effect of moisture within the 

combustion zone. Similarly, the combustion of fuelwood with a higher moisture 

content resulted in a reduced combustion temperature. The average flue gas 

temperature observed during the combustion of low moisture and high moisture 

fuelwood under warm-start conditions was 383°C and 279°C respectively. The flue 

gas velocity is shown to follow a similar trend to the combustion temperature in 

response to the effects of buoyancy and increased draft. An increase in the 
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combustion temperature results in a greater flue gas flow rate and fuel conversion 

rate.      

 

Figure 6.20  Combustion temperature (°C), fuelwood burning rate (kg/hour) and 
flue gas velocity (m/s) for dry fuelwood under cold-start conditions (CS-D), dry 
fuelwood under warm-start conditions (WS-D) and wet fuelwood under warm-

start conditions (WS-W). The burning rate is presented for each of the soot 
sampling points and is calculated across a 60 second period. Temperature 

and velocity results were sampled at a rate of 1 Hz. 
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The colouration and ‘darkness’ of soot samples collected is presented in Table 6.8-

10. A noticeable/significant colour difference is observed between the samples 

obtained during testing of the low moisture and high moisture fuelwood. Dry 

fuelwood combustion generally results in formation of darker and higher density 

samples whereby the colour is dark brown or black. The combustion of high 

moisture fuelwood or fuels under cold-start conditions results in the formation of 

soot samples presenting lower density and light brown or tan colouration. Similar 

findings have been presented in the literature (Rau, 1989; Mitchell et al., 2016; 

Jones et al., 2018) whereby the colour-shift is in response to variation in the EC and 

OC content of the soot. Soot samples presenting a lower density and light brown or 

tan colouration correspond to an increase in the OC fraction of the material while 

soot samples presenting a higher density and a dark brown or black colouration 

correspond with an increase in the EC formation of the material (Rau, 1989). 

Mitchell et al. (2016) identified brown or tan-colouration in soot samples collected 

under cold-start operation while soot collected under higher temperature 

combustion were black. This colour shift from black to brown was in response to a 

higher tar-phase formation on the soot surface resulting in a higher organic fraction 

(Mitchell et al., 2016). Similarly, Jones et al. (2018) identified a shift in the visible 

colour of soot samples collected during different phases of combustion and related 

such processes in response to variation in the combustion efficiency and EC/TC. As 

such, darker and black soot samples are representative of periods of higher 

temperature and efficiency combustion while lighter brown, tan, yellow and grey 

soot samples are indicative of reduced combustion efficiency and fuel smouldering 

(Jones et al., 2018). Such findings are important given the application of soot 

colouration and optical analysis in climate forcing models.  

Given the capacity of high moisture fuelwood combustion via improper seasoning 

and grey fuelwood procurement routes the fraction of brown carbon particles may 

be higher than initially predicted in climate models. Further assessment is therefore 

required when assessing the impact of residential combustion on climate forcing.              
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Table 6.8  Soot characteristics generated under cold-start combustion using low 
moisture fuelwood. 

Sample time 

(min) 

5 10 15 20 25 30 35 

Filter 
       

Colour Shift        

Darkness 

(100-L) 

25.6 19.0 18.0 19.0 25.2 17.4 27.8 

Burning Rate 

(kg/hour) 

1.8 1.8 2.1 2.4 2.4 1.2 0.9 

Temperature 

(°C) 

227 220 205 267 323 287 244 

Table 6.9  Soot characteristics generated under warm-start combustion using low 
moisture fuelwood. 

Table 6.10a  Soot characteristics generated under warm-start combustion using 
high moisture fuelwood. 

Sample time 

(min) 

62 64 66 68 70 72 74 76 78 80 

Filter 
          

Colour Shift           

Darkness 

(100-L) 

15.5 21.5 20.3 18.5 18.6 13.9 13.1 13.7 17.6 18.6 

Burning Rate 

(kg/hour) 

1.5 3.3 3.3 3 2.7 2.1 2.1 1.8 1.5 1.2 

Temperature 

(°C) 

276 331 365 370 355 352 353 328 302 280 

Sample time 

(min) 

38 40 42 44 46 48 50 52 54 56 

Filter 
          

Colour Shift           

Darkness 

(100-L) 

26.5 44.2 32.7 27.6 26.2 21.7 26.8 35.3 55.9 20.6 

Burning Rate 

(kg/hour) 

1.5 5.1 3.9 3.6 3.6 3.3 2.7 2.1 2.4 1.5 

Temperature 

(°C) 

205 363 411 432 440 440 433 422 422 373 
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Table 6.10b  Soot characteristics generated under warm-start combustion using 
high moisture fuelwood. 

Sample time 

(min) 

82 84 86 88 90 92 94 96 97 98 

Filter 
          

Colour Shift           

Darkness 

(100-L) 

15.02 15.36 12.67 14.0 11.8 14.0 24.8 19.1 20.2 17.1 

Burning Rate 

(kg/hour) 

1.5 1.2 0.6 1.2 0.6 0.9 0.3 0.9 0.9 0.9 

Temperature 

(°C) 

266 262 258 257 248 239 236 245 254 253 

Table 6.10c  Soot characteristics generated under warm-start combustion using 
high moisture fuelwood. 

Sample time 

(min) 

100 102 104 

Filter 
   

Colour Shift    

Darkness 

(100-L) 

10.37 14.46 4.44 

Burning Rate 

(kg/hour) 

0.9 0.6 0.6 

Temperature 

(°C) 

266 262 258 

 

Figure 6.21 presents the variation in soot colour, subject to combustion 

temperature and burning rate, during the combustion of low moisture fuelwood 

under cold-start and warm-start conditions, and wet fuelwood under warm-start 

conditions. Initially, the burning rate appears as a function of the combustion 

temperature. In addition, the combustion temperature and subsequent burning rate 

is shown to be low during cold-start operation and during the combustion of wet 

fuelwood. Both combustion temperature and burning rate are shown to be 

significantly higher during the combustion of fuelwood maintaining a lower moisture 

content. Reduced temperatures are also observed within the range of 200-300 ºC 

during the combustion of dry fuelwood in response to periods of ignition and 

smouldering combustion. Similarly, higher temperatures (300 ºC>) are also 

observed during the combustion of wet fuelwood during periods where the inherent 

water content has been devolatilised by the combustion reaction. Variation in 
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colouration occurs in response to change in the soot composition but also in 

response to the sample density. The soot generated during low temperature 

combustion including those observed during ignition periods, during smouldering 

reactions, during cold-start operation and during the combustion of wet fuelwood 

appears to be more tan and brown-coloured. This is likely in response to the high 

EC/TC associated with low temperature combustion and reduced PMt loading 

relative to the sampling period (5 seconds) and rate of fuel conversion. The soot 

generated during the combustion of dry fuelwood appears to present dark-brown 

and black colouration. This is likely in response to the high EC/TC previously 

identified during high temperature conditions associated with dry fuelwood 

combustion. In addition, the higher rate of fuel conversion results in an increase in 

PMt formation. In response to the short sampling period the sample appears as a 

darker material in response to a high sample density. 

 

Figure 6.21  Variation in soot colouration and density observed during cold-start 
operation (blue band), low MC% fuelwood combustion (red band) and high 

MC% fuelwood combustion (green band). Colouration of the symbols is 
representative of the RGB colouration identified for each soot sample. 
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Absorption Ångström Exponent (AAE) is applied as a method of investigating 

aerosol optical property variation through wavelength absorption in the visible and 

near-infrared spectral region (Ångström, 1929; Liu et al., 2018). AAE is therefore an 

equation which represents the optical absorption of an aerosol as a function of 

wavelength (Liu et al., 2018). It is generally assumed that BC, generated under low 

moisture fuelwood combustion, presents an AAE value of 1.0 while soot samples 

that are visually brown in colour present an AAE greater than 2.0 (Kirchstetter et al., 

2004; Russell et al., 2010; Liu et al., 2016; Liu et al., 2018). Climate model 

predictions make assumptions on the fraction of black carbon, brown carbon and 

EC/TC fraction emitted under a combustion reaction (Jones et al., 2018). An 

increase in brown carbon emission is prevalent during the combustion of high 

moisture fuelwood while black carbon is generally only associated with high 

temperature combustion. It is interesting to compare the results obtained previously 

using a total soot sample analyser (Jones et al., 2018). Of note is the fact that for 

this <1µm sample the colours are black or brown. Lighter colours such as yellows 

are seemingly associated with larger particles containing organic molecules. The 

present results are compared with previous published results from this stove, and 

from a model compound, furfural, which are presented in Table 6.11. The 

association of colour and the nature of the carbon is clearly apparent. 

 

Table 6.11  Published data from (Jones et al., 2018) on optical properties and 
MCE. 

Fuel AAE EC/TC Colour of Sample MCE 

Furfural 1.18 0.98 Black 1.0 

Pine wood, flaming 0.99 0.5 Black 0.93 

Pine wood, transient 1.91 0.3 Brown 0.65 

Pine wood, smouldering 3.33 0.1 Yellow 0.63 

 

The AAE is defined as: babs = a λ AAE where babs is the absorption coefficient for filter 

papers covered with soot samples and measured by a spectrophotometer. The 

constant, a, is independent of wavelength but is dependent on the thickness of the 

absorbing sample. For small spherical soot particles AAE equals 1. 

UV-Vis analysis of the ASTM soot samples have been made using the same 

method in Jones et al. (2018). Previously it has been seen that mature soot 

particles with a low OC had AAEs close to 1, whereas soot containing higher OC 

had high values of AAEs. In these experiments there is a very significant difference 

between the soot produced during combustion of low moisture wood compared to 

the high moisture wood as shown in Figure 6.22a and 6.22b. In the former, spectra 
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for soot produced during flaming combustion are close together and separated from 

the spectra for soots from smouldering combustion. In the latter, all curves are also 

close together indicating that the products are optically similar in both phases. 

In this analysis, the shapes of the spectra are dictated by enhanced absorption by 

semi-volatile organics (SOVC) such as the compounds shown from PY-GC-MS 

analysis, or due to the soot-forming species (the building bricks). As a 

consequence, it is not possible to get a power-function to fit in the AAE equation 

although the results are similar. This may be the result of higher levels of samples 

and thicker optical paths for the measurement. During short sampling times (0-5 

min) it is possible to see a number of different colours but these are lost when we 

collect soot over a long period of time (Dekati sampling method), so we only see 

brown and black soot samples.   
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Figure 6.22  UV-Vis light absorbance of soot samples collected during the 
combustion of low moisture [a] and high moisture [b] samples.   

 

6.4  Discussion   

6.4.1  Variation in Fuel Particle Moisture Content    

Bulk drying of a representative sample was undertaking in accordance with BS EN 

18134-1 so as to determine the approximate moisture content of the fuelwood. In 

addition, an approximation of the moisture content for each fuel particle was 

determined via electrical conductance. The variability in derived moisture values 
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appears low when testing fuelwood which has undergone a kiln-drying pre-

treatment while freshly-cut particles present a broader range of values (Figure 6.1). 

Dry fuelwood and wet fuelwood maintain a bulk moisture content range of 0.23 wt% 

and 3.64 wt% respectively. The variation is likely in response to the storage of 

water within the biomass structure, general inhomogeneity of biomass materials 

and water transfer processes during fuelwood storage (Kenney et al., 2014; Raitila 

et al., 2015). As described in previous work (Price-Allison et al., 2019), a notable 

variation between bulk MC% and probe MC% values is presented within the figure. 

Results obtained from the lower moisture fuelwood generally correspond with the 

bulk MC% however a much larger variation is observed during wet fuelwood 

testing. The primary limitation of the digital moisture meter device is the relatively 

small sampling area of the device. The device probes are inserted to a maximum 

depth of 5mm identifying the surface moisture content of the material only. The 

inaccuracy of the probe is therefore based upon the uneven distribution of water 

across the cross-sectional area of the fuel sample. For example, the sap wood 

structure at the base of the tree is likely to maintain a higher moisture content than 

heart wood, bark or sapwood at a higher elevation up the stem (Espenas, 1951). 

Variation in bulk MC% and probe MC% results are also presented within the 

literature for fuelwood and other biomass materials (Byler et al., 2009; Chesser Jr et 

al., 2012; Davis et al., 2017; Price-Allison et al., 2019).     

6.4.2  Impact of Moisture Content Upon Combustion Conditions    

Previous work has identified the negative effects of high fuel moisture content on 

combustion conditions and the related effects upon stove performance (Price-

Allison et al., 2019). Results identify a reduction in temperature during the 

combustion of higher moisture fuelwood. Such processes are in response to the 

increased energy requirement needed during the vaporisation of the fuel moisture 

(Simoneit, 2002; Shen, Wei, et al., 2012; Magnone et al., 2016). As such, the 

amount of fuel energy lost during the vaporisation phase is proportional to the 

amount of energy available for efficient combustion as well as the subsequent heat 

output of the stove device. Furthermore, the presence of higher water vapour within 

the firebox likely resulted in a further cooling effect of entrained gases thereby 

inhibiting high temperature combustion (Shen, Tao, et al., 2012). Figure 6.23 

presents the effect of moisture content on water vapour within the combustion zone 

and flue gas temperature. As previously described, the combustion temperature is 

significantly higher during low moisture fuelwood combustion. The water vapour 

concentration is shown to increase significantly during dry fuelwood combustion 

suggesting the effect of higher temperatures upon the vaporisation process. 
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Maximum water vapour concentrations are lower during wet fuelwood combustion 

however the total vapoured volume is significantly higher. Similar effects on 

combustion temperature have been reported within the literature whereby higher 

concentrations generally lead to reduced stove performance (Yuntenwi and Ertel, 

2008; Wilton and Bluett, 2012; Shen, Tao, et al., 2012; Magnone et al., 2016).         
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Figure 6.23  The effect of fuelwood moisture content upon combustion temperature 
and fuel water vaporisation during a) dry fuelwood combustion and b) wet 

fuelwood combustion. 

 

Oxygen availability and burning rate are shown to vary with fuelwood moisture 

content and are statistically dependent upon the temperature within the combustion 

zone. An increase in the moisture content was shown to reduce the burning rate 

and increase the oxygen availability while the inverse effect was observed when 

burning lower moisture fuel. Fuels maintaining a higher moisture content have 

traditionally been applied as a method of managing burning rate and O2 availability 

in both heating stove and cookstove appliances. The presence of water within the 

combustion system operates as a suppressant preventing the rate of combustion 

exceeding the availability of oxygen (Rogge et al., 1998; Pettersson et al., 2011; 

a) 
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Shen, Wei, et al., 2012). As such, the burning of very dry fuelwood may result in 

increased emission formation as a result of incomplete combustion however the O2 

availability however the moisture content of fuels tested within this work appear 

suitable for negating such effects. Furthermore, the rate of fuel conversion appears 

similar to that outlined within the literature (Mitchell et al., 2016; Fachinger et al., 

2017). The reduced combustion temperatures appear to inhibit the conversion of 

fuel maintaining a higher moisture content likely in response to the prolonged drying 

period and suppressive nature of water within the combustion reaction.       

6.4.3  Impact of Fuelwood Moisture Content on Gaseous and 

Particulate Emission Formation   

Particulate emission factor values have been shown to increase during the 

combustion of fuelwood maintaining a higher moisture content. Particulate emission 

factor values were found to be 3.1±0.6 g/kgfuel and 9.3±4.9 g/kgfuel during the 

combustion of dry and wet fuelwood respectively. Similar findings have been 

identified within the literature with results suggesting a positive correlation between 

fuelwood moisture content and carbonaceous aerosol formation. Similarly, 

Chomanee et al. (2015) identifies an increase in smoke formation in response to 

incomplete combustion conditions when burning rubber-wood fuels of a higher 

water content. Interestingly, the smoke concentration was shown to reduce over 

time in response to fuel particle drying. This suggests that a period of low emission 

combustion may occur at the end of the combustion cycle when all of the water 

content has been vaporised. In addition, Magnone et al. (2016) found an increase in 

soot formation when burning oak maintaining moisture contents of 10.34% and 

56.31% in a wood burning appliance. PMt emission factor values were found to be 

within the range of 0.93 g/kgfuel and 1.32 g/kgfuel during dry wood combustion and 

4.02 g/kgfuel during wet fuel combustion. Purvis and McCrillis (2000) present the 

effect of fuel moisture in two different domestic combustion appliances under 

different operating conditions. PMt was shown to increase during the combustion of 

fuels maintaining a higher moisture content however the combustion efficiency is 

presenting as having a greater influence. Furthermore, Johansson et al. (2004) 

identified a negative impact of moisture content when burning high moisture 

fuelwood (38%) on PMt emissions in modern boiler systems however limited 

variability was observed when burning fuelwood at moderate (26%) and low (15%) 

moisture values. Such processes are also observed in small cookstove devices 

where a positive correlation between PMt emission and fuel water content is found 

(Bignal et al., 2008; Shen, Tao, et al., 2012; Shen, Wei, et al., 2012; Shen et al., 

2013; Mitchell et al., 2019).  
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The formation of hydrocarbon and organic gaseous species is shown to increase 

during the combustion of fuelwood maintaining a higher moisture content. As 

identified in Pettersson et al. (2011), CH4 was shown to be the most prevalent 

hydrocarbon species generated during both low moisture and high moisture fuel 

combustion. Emission factor values where in the range of 0.29 g/kgfuel and 0.81 

g/kgfuel in low moisture combustion and 4.04 g/kgfuel and 6.70 g/kgfuel during high 

moisture combustion. Similarly, Orasche et al. (2013) shows an increase in CH4 

formation when burning fuelwood of a higher moisture content generating emission 

factor values of 0.72 g/kgfuel, 0.92 g/kgfuel and 2.167 g/kgfuel at moisture contents of 

1.6%, 15% and 19% respectively. Similar processes resulting in the formation of 

CH4 have also been reported in the literature during uncontrolled green-waste 

combustion (Tihay-Felicelli et al., 2017) and during cookstove operation (Mitchell et 

al., 2019). Similar processes where observed in the formation of other non-methane 

volatile organic compounds (NMVOC) species whereby a reduction in fuel moisture 

content leads to increased temperature and combustion efficiency and a reduction 

in emissions. NMVOC species including C2H2, C2H4, C2H6, C3H8, and C6H14 are 

found to be common in biomass combustion and maintain a significant influence on 

global climate conditions (Lanz et al., 2008; Pandey and Sahu, 2014). The impacts 

of stove operation upon VOC formation have been previously explored (Pettersson 

et al., 2011; Evtyugina et al., 2014) however information on the influence of fuel 

moisture content on emissions remains limited. Reduced temperatures, occurring in 

response to the presence of water vapour within the combustion zone, inhibits the 

breakdown of pyrolysis products contributing in high VOC concentration levels 

within the flue gas composition. VOC products, including benzene species, are 

likely to be fully consumed during ideal combustion conditions. The presence of 

moisture within the combustion system therefore offers some degree of uncertainty 

in emission formation given the inhomogeneity of fuels applied on the domestic 

market.   

Fuelwood moisture content was shown to have an impact upon the total phenolic 

compound emission sampled as a fuel gas condensate. Phenolic molecules are 

identified as cyclic compounds including aromatic hydrocarbon rings bonded with 

phenyl hydroxyl groups (-OH) or associated radical compounds (Dyakov et al., 

2007; Clarke, 2008). Phenolic compounds in woodsmoke are shown to include a 

complex mixture of methylphenols and nitrophenols generated during the thermal 

degradation of lignin in woody biomass (Faix et al., 1990; Kjällstrand and 

Petersson, 2001; Li et al., 2020). The majority of phenol derivative products 

originate via the thermal degradation of lignin however some compounds may also 

originate as products of cellulose and hemicellulose pyrolysis. Nowakowski and 

Jones (2008) identifies phenol (C6H6O) and a series of methoxyphenol compounds 
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derived from the pyrolysis of lignin including 2-methoxy-4-(2-propenyl)-phenol 

(C10H12O2) and 2,6-dimethoxyphenol (C8H10O3). Phenolic compound formation was 

also shown to occur during the pyrolysis of cellulose and hemicellulose depending 

upon the potassium content of the parent material. Such products include phenol 

with methoxyphenol and dimethoxyphenol derivatives in lower concentrations 

(Nowakowski and Jones, 2008). Similar findings have been identified during the 

pyrolysis of various types of raw biomass, pre-treated biomass and synthetic 

biomass materials (Nowakowski et al., 2007). In addition, nitrated phenolic 

compounds are identified as a common product derived from the pyrolysis of lignin 

in woody biomass and coal as well as other combustion sources including vehicle 

emissions (Harrison et al., 2005; Mohr et al., 2013; Li et al., 2020). Such 

compounds have been shown to include nitrophenol (C6H5NO3), methylnitrophenol 

(C7H7NO3) and dinitrophenol (C6H4N2O5) amongst others which incorporate a 

fraction of brown carbon emissions presenting both light absorption properties and 

detrimental effects on human health (Huang et al., 1995; Mohr et al., 2013). Similar 

compounds have been identified in the soot phase generated during the 

combustion of pine fuelwood from a small-residential heating device (Jones et al., 

2018). Methoxyphenol and nitrophenol compounds are derived from the pyrolysis 

and thermal degradation of lignin. Derived compounds are oxidised under high 

flame temperatures such as those observed during the combustion of low moisture 

fuelwood. An increased fuelwood moisture content often corresponds with reduced 

combustion temperatures resulting in higher phenolic compound emissions from the 

flue or stack. The emittance of such compounds generally occurs within the 

temperature range of 250-500 °C, however, in the event of higher moisture 

concentrations within the parent fuelwood the period of emittance is increased in 

response to a lower rate of temperature increase (Koppmann et al., 2005).   

6.4.4  Effect of Fuel Moisture Content upon Combustion 

Efficiency    

The combustion efficiency of residential heating applies is often determined using 

the MCE. Based upon the molar ratio of emitted CO2 and fuel bound carbon 

consumed during the combustion reaction the method provides a simple approach 

for accurately estimating CE (Yokelson et al., 1996; Akagi et al., 2011). During the 

combustion of dry fuelwood the method may be used as a proxy for the 

determination of the phase of combustion. This technique has been applied by 

numerous authors previously (Yokelson et al., 1996; Akagi et al., 2011; Fachinger 

et al., 2017). Though average MCE values may be quantified during the combustion 

of high moisture fuelwood it is difficult to ascertain specific information regarding the 
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phase of combustion in response to poor repeatability and oscillation in the time-

series associated with the presence of a high water content in the fuel. Regarding 

phase identification, flaming combustion and smouldering combustion present 

values of MCE=1.0 and MCE=0.8 respectively while an equal mixture of both 

processes presents a value of MCE=0.9 (Yokelson et al., 1996). Alternatively, the 

phase of combustion may be determined by visual evaluation of the time series and 

identification of significant changes in the CO or CO2 emission (Fachinger et al., 

2017). In response to significantly inhibited combustion the formation of CO2 is 

often minimal in contract to CO and other pollutant species when burning wet 

fuelwood. This leads to inaccuracy in the estimation of accurate MCE time series 

trends. In addition, non-uniformity and poor repeatability of the fuel bed leads to 

unpredictable oscillations in CO2 formation leading to changeable peaks in the time 

series. This process is also exacerbated by the need to manually manipulate the 

fuel pack to promote combustion. As such, it may be difficult to accurately estimate 

the burning efficiency via the MCE approach and subsequently identify phases of 

combustion for fuels maintaining a high moisture content.         

6.4.5  Variation in Physiochemical Properties of Soot   

6.4.5.1 Effect of Moisture Content upon Particulate Physiochemical 

Structure  

The nanostructure of the soot was found to differ depending upon the moisture 

content of the parent fuel material. Soot samples formed during dry fuelwood 

combustion appear to produce long chains of spherical particulate matter 

maintaining a diameter of approximately 50 nm. Particles of a similar size and 

formation have been found during the combustion of liquid (Huang et al., 2017) and 

solid fuels (Tissari et al., 2008; Atiku et al., 2016) within the literature. Alternatively, 

soot derived from wet fuelwood combustion maintained a more amorphous tar-like 

material which has developed into strands and globules across the filter matrix. 

These globules appear to increase in density and concentration between test 

batches in line with the increase in PMt emission factor and OC fraction. As such, 

the structural nature of soot is likely to vary in response to the EC and OC 

composition with processes of incomplete combustion resulting in a higher organic 

fraction and amorphous structure (Ess et al., 2016). Atiku et al. (2016) identified 

similar agglomerations, presented as the OC fraction, during smouldering 

combustion of fuelwood maintaining a moisture content of 8%. Unlike this current 

study, the globular OC structure was only observed during the low temperature 

smouldering phase while fine spherical particulate matter was observed during 
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flaming combustion. Similar findings have been reported in Tissari et al. (2008) 

whereby smouldering combustion resulted in OC agglomerates forming 

carbonaceous soot particles. EC particles generated within the flame zone may act 

as a nucleus for the condensation of organic compounds derived from low 

temperature combustion. During high temperature oxidation the EC particles are 

observed in an uncoated form however in smouldering or low temperature 

combustion spherical particles comprising a high OC fraction may be produced 

which do not present a visible EC nuclei (Reid et al., 2005). The very high tar 

concentration suggests highly inhibitory combustion conditions suggesting limited 

burnout of volatile organic compounds within the combustion zone. As such, the 

lower combustion temperatures observed during wet fuelwood combustion appear 

to result in the formation of soot maintaining a higher OC fraction and differing 

physical structure to soot formed under higher temperatures.   

The size distribution of soot particles was found to include a majority <PM1 size 

material with additional fractions of <PM2.5, <PM10 and PM10> present in lower 

quantities. The small size fraction was found to be within the range of 96.7% and 

98.7% during wet fuelwood combustion and between 92.2% and 93.9% during dry 

fuelwood combustion. These findings where corroborated through SEM where PM 

was found to include long chains of spherical material maintaining a nominal 

diameter of approximately 50 nm. Similar findings where outlined in previous work 

whereby PM1 was the predominant size fraction with higher moisture fuel generally 

resulting in a higher fraction of smaller particles (Price-Allison et al., 2019; Maxwell 

et al., 2020). 

6.4.5.2 Physiochemical Structure of Biomass Derived Soot   

EC and OC fractions within soot samples are shown to vary depending upon 

moisture content. Fuels maintaining a higher moisture value appear to exhibit a 

larger OC fraction and subsequent lower EC fraction while the inverse is shown for 

dry fuelwood. Soots derived from biomass combustion incorporate a Black Carbon 

(BC) fraction which predominantly incorporates EC. The BC fraction is commonly 

designated as the light absorbing constituent within the soot matrix while the EC is 

defined as the thermally stable aspect of the material (Bahadur et al., 2012; Lack et 

al., 2014; Atiku et al., 2016). As such, BC incorporates a mixture of both elemental 

and organic fractions (Chow et al., 2009). The OC fraction maintains a more volatile 

design and can include a large mixture of compounds resulting from incomplete 

combustion processes. A secondary OC fraction identified as Brown Carbon (BrC) 

is designated as the light absorbing fraction within the OC composition (Bahadur et 

al., 2012). The BC and BrC fractions are of importance due to the positive radiative 
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forcing effects associated while OC is identified as to having a potentially negative 

forcing effects. The OC fraction is also important with regards to the detrimental 

health effects associated following inhalation in response to the associated oxy-

PAH composites (Atiku et al., 2016).   

The mass fraction of OC and EC within the soot matrix varied significantly during 

the combustion of dry fuelwood and wet fuelwood. In addition, the EC:TC is noted 

to change between test batches in response to changes in the combustion 

temperature. The EC fraction was found to be within the range of 75.41% and 

92.89% during dry fuelwood combustion and between 21.62% and 26.89% during 

wet fuelwood combustion. As such, a much higher OC fraction was observed at 

higher fuel moisture contents. The concentration of OC and EC fractions within the 

soot matrix is dependent upon the combustion conditions during sampling 

(Mcdonald et al., 2000; Atiku et al., 2016). Heringa et al. (2011) identifies notable 

differences in the organic matter (OM) and BC fractions of soot collected in different 

residential combustion appliances with combustion efficiency and phase of 

combustion maintaining a principal influence. Similarly, Grieshop et al. (2009) 

identifies the influence of combustion efficiency upon the organic component 

formation whereby smouldering fires produce a higher OC fraction and flaming fires 

produce a higher EC fraction. Reduced OC formation is also reported when burning 

briquetted fuels rather than fuelwood particles due to the disintegration of the 

particle structure resulting in improved air availability and higher oxidation of 

devolatilised products (Schmidl et al., 2008). Mitchell et al. (2016) found that the 

EC:TC ratio differed throughout the combustion process with a higher ratio present 

during ignition and flaming combustion followed by a lower ratio during 

smouldering. The combustion of dry fuelwood is shown to maintain a predominant 

flaming phase while wet fuelwood is described as a smouldering reaction as 

indicated by the EC:TC results (Table 6.5). Direct results comparison with other 

authors is difficult given the variability and effects of differing sampling temperatures 

(Atiku et al., 2016) and analysis techniques (Chow et al., 1993). Notwithstanding, 

the impact of combustion efficiency outlined within the literature corresponds with 

findings presented in this work. Figure 6.24 presents the effect of combustion 

temperature as an indication of combustion efficiency upon EC and OC formation. 

The EC fraction is also shown to increase following each batch of dry fuel added to 

the stove in response to the increase in combustion temperature. The detrimental 

effects of a higher water volume within the combustion chamber is observed when 

burning wet fuelwood resulting in the formation of a higher OC fraction after each 

batch. The energy loss associated with fuel drying and inherent cooling effect of 

water vapour results in a reduction in combustion temperature and efficiency. Such 

processes lead to limited burnout of VOC and oxy-PAH compounds which 
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subsequently attenuate in the formation of the OC fraction. As identified in Heringa 

et al. (2011) and Grieshop et al. (2009), improved combustion conditions result in 

an increase in EC and a reduction in OC. Such processes are therefore directly 

controlled by the fuel moisture content and, as a result, the conditions within the 

stove. 

 

Figure 6.24  The effect of fuel combustion temperature upon OC and EC fractional 
formation within soot samples. 

 

Raman analysis has been applied as a method of determining variation in the 

nanostructure of soot samples collected during the combustion of dry and wet 

fuelwood. The Raman spectra of soot generally consists of two broad overlapping 

peaks centred at approximately 1350cm-1 and 1585cm-1 (Dippel et al., 1999; 

Sadezky et al., 2005; Ess et al., 2016). Similar findings have been reported here 

whereby a D-peak and G-peak are present for soot materials collected during the 

combustion of both fuel types. The ID/IG ratio was applied as a method of 

determining the structural order of soot samples as identified in Ferrari and 

Robertson (2000). An increase in the ID/IG was presented during the combustion of 

dry fuelwood in response to the higher combustion temperatures resulting in a 

larger fraction of EC. During the combustion of wet fuelwood the inhibited 

combustion conditions, in response to an increased moisture content, was shown to 
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lead to incomplete combustion and a larger OC fraction. As such, the ID/IG was 

shown to be reduced indicating a more significant amorphous carbon structure. In 

addition, the ID/IG appears to directly correspond with variation in the OC content of 

the soot material. Ess et al. (2016) suggests similar findings where the ID/IG was 

shown to be directly proportional the OC composition of the propane flame derived 

soot. In the study propane soot maintaining an OC fraction of 4%, 47% and 87% 

produced an ID/IG of 1.19, 1.03 and 0.96 respectively while Pintrex XE2 (very low 

OC fraction) and Humic acid (very high OC fraction) presented an ID/IG of 1.51 and 

0.90. Figure 6.25 shows a linear correlation between ID/IG and OC. The increased 

ID/IG of wood derived soot is likely in response to the higher volatile composition of 

the parent material leading to the formation of amorphous soot compounds. The 

combustion of wet fuelwood results in a reduced combustion temperature inhibiting 

the burnout of organic carbon compounds within the smoke. Furthermore, the 

application of optical Raman analysis, as a non-destructive optical technique, may 

be applied as a method of determining the elemental carbon and organic carbon of 

a soot sample given.    

 
Figure 6.25  Variation in ID/IG values with differences in the OC fraction of soot 

derived from biomass smoke (this work) and propane smoke (Ess et al., 
2016). 
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6.4.5.3 Impact of Combustion Conditions upon Soot Colouration   

The colour and density of soot samples collected from the flue and extracted from 

the dilution tunnel was shown to differ during the combustion of low moisture and 

high moisture fuelwood. Soot samples generated during the combustion of low 

moisture fuelwood was shown to be dark brown or black while soot collected during 

the combustion of high moisture fuelwood where light brown or tan (Price-Allison et 

al., 2019). Variation in the OC between black and brown soot samples, and 

subsequent colour shift, has been shown to corresponds with variation in the 

chemical composition of the material (Atiku et al., 2016). The colouration of soot 

samples is likely in response to variation in the EC and OC composition. As 

previously discussed, soot samples collected during the combustion of high 

moisture fuelwood present a high OC fraction and low EC fraction and present a 

corresponding brown or tan colour shift. Alternatively, soot samples collected during 

the combustion of low moisture fuelwood present a low OC fraction and high EC 

fraction and present a corresponding black colour shift. Similar findings have been 

identified within the literature attributing variation in the OC fraction during inefficient 

combustion phases and subsequent effects on soot colouration (Rau, 1989; 

Mitchell et al., 2016; Jones et al., 2018).   

Soot sample material was shown to vary in terms of darkness as a function of 

colour and density. Soot darkness was measured via spectrodensitometry as a 

function of light, darkness = 100-L, where L is the material lightness on the CIELAB 

colour spectrum. Soot concentration is often estimated for residential boiler and 

engine exhaust systems in accordance with DIN 51402 and ASTM D2156 

(McDonald, 2009; Dantas Neto et al., 2013; Mante et al., 2015). An estimation of 

flue gas concentration requires a known volume of flue gas to be drawn across a 

filter media before the colour and density of the sample is compared across a 

known concentration scale. Given the significant variation in both soot colour and 

the density of the particles collected during fuelwood combustion it may be more 

applicable to measure sample darkness as a proxy for PMt generation under 

different firebox conditions. Figure 6.26 identified the effect of fuelwood burning 

rate (kg/hour) on the darkness of PMt sample material. The darkness of the sample 

material is seen to vary in response to both the sample colour and the density of the 

soot collected upon the filter. Soot samples generated during the combustion of low 

moisture fuelwood under warm-start conditions generally present the highest 

darkness factor and are generated under the highest fuel conversion rate. Soot 

samples generated during the combustion of high moisture fuelwood under warm-

start conditions generally present the lowest darkness factor and are generated 

under the lowest fuel conversion rate. Soot samples generated during the 
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combustion of low moisture fuelwood under cold-start conditions is an intermediate 

in terms of both sample darkness and burning rate. Such processes are likely in 

response to increased soot darkness during high temperature combustion where 

elemental, or black, carbon is a primary constituent. In addition, an increase in the 

burning rate likely leads to an increase in the rate of PMt formation across a 

reduced combustion period. This process combined with increased soot 

entrainment under higher flue gas velocity rates results in an increase in the 

darkness and density of soot samples. The relatively low burning rate presented 

during the combustion of high moisture fuelwood results in a lower flue gas velocity 

and a slower rate of PMt formation over a prolonged period. Such processes are an 

important consideration when applying soot sampling and estimation PMt 

concentrations under DIN 51402 and ASTM D2156. High resolution soot sampling 

under known PMt concentrations (mg/m3) could be used to develop an accurate 

concentration scale based upon the darkness of the sample material similar to the 

method presented in DIN 51402 and ASTM D2156. The development of a large 

dataset could be applied as a method of soot concentration monitoring for 

residential and cookstove appliances where online analytical equipment is not 

available. 
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Figure 6.26  The impact of fuelwood moisture content and combustion conditions 
upon the colouration and loading of soot particles collected from the flue via 

an ASTM smoke pump device. The relative darkness (Drel) is a measure of the 
colour variation in the soot samples collected using an ASTM Smoke Pump 

device (Testo, Smoke Pump) and is the inverse of colour lightness. Drel = 100-
L.   

6.5  Conclusions   

A study was undertaken to investigate the effect of fuelwood moisture content on 

gaseous and particulate pollutant formation from a small fixed-bed residential 

heating stove. A series of combustion experiments where undertaken using a 

method based upon BS EN 13240. Fuels included within this study include low 

moisture logs (beech) maintaining a moisture content of 12.44% and high moisture 

logs (beech) maintaining a moisture content of 26.68%. Gaseous emissions where 

monitored throughout the combustion cycle via an online FTIR analyser. Size-

separated soot particles where collected within a dilution tunnel using a gravimetric 

impaction device. PMt sample material was collected from the flue using a small 

handheld gravimetric suction device. Flue gas condensate was analysed to identify 

the effect of fuelwood moisture content and combustion conditions upon organic 

acid, TOC and total phenolic compound concentrations. Various physiochemical 

properties relating to different types of soot collected during the combustion of 
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different fuels have been made via spectrodensitometry, microscope Raman, py-

GC-MS, TGA, SEM and EDX. The following conclusions have been made:  

i. The moisture content of bulk fuel samples is difficult to determine via 

electrical resistance using small handheld digital moisture meter with 

values often varying from the true moisture content determined via an 

oven-drying method (BS EN 1813-1). Moisture probe values for low 

moisture content fuels appear similar to the true MC% value as a result 

of a more uniform moisture content throughout the fuel particle. Moisture 

probe values obtained from high moisture fuels often differed from the 

true MC% value as a result of an uneven distribution of moisture 

throughout the fuel particle. It may therefore be concluded that digital 

moisture meter devices are suitable for providing rough estimate of the 

fuel particle moisture content only.   

ii. Fuelwood burning rates were shown to be significantly different 

depending upon the moisture content of the fuel. It was observed that an 

increase in the fuel moisture content generally led to a reduction in the 

rate of fuel conversion. Such processes where attributed to a reduction 

in the combustion temperature and loss of energy during a prolonged 

drying period. A strong correlation was observed between the 

temperature of the combustion reaction and the rate of fuel conversion.  

iii. Gaseous pollutant species where shown to be higher during the 

combustion of high moisture fuelwood. In all cases, gaseous pollutant 

species derived from wet fuelwood combustion where higher with 

scaling factors within the range of 12-15 for organic species and 3-23 for 

hydrocarbon species. A statistically significant correlation between 

hydrocarbon pollutant species and combustion temperature was 

observed. As such, it may be concluded that the combustion of low 

moisture fuelwood results in increased combustion temperatures and, as 

a result, lower pollutant formation.    

iv. The concentration of gaseous hydrocarbon species was shown to be 

dependent upon the molecular mass of the compound. Species with a 

lower molecular weight (CH4) where identified in higher concentrations 

than high molecular compounds. An increase in the molecular weight 

corresponds with a reduction in prevalence within the gaseous mixture 

likely in response to the thermal cracking. High molecular weight 

compounds including C3H8 and C6H14 are less stable and more likely to 

be degraded under heating leading to the formation of small alkane and 

alkene chains.   
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v. The concentrations of TOC and total phenolic content was shown to be 

significantly higher during the combustion of high moisture fuelwood. 

The pyrolysis of lignin and cellulose structures within the fuel particle 

composition results in the formation of protein, sugar, fat, alcohol, 

hydrocarbon and phenols. Such compounds are emitted as pollutant 

species in response to inefficient conditions within the firebox during the 

combustion of high moisture fuelwood. Such processes have a 

detrimental effect on both climate forcing and human health.     

vi. The combustion efficiency was calculated using the MCE method. Dry 

fuelwood presented a high combustion efficiency than wet fuelwood. A 

repeatable MCE time series was identified during the combustion of dry 

fuelwood indicating periods of flaming and smouldering combustion. 

Oscillations in the MCE were identified during the combustion of high 

moisture fuelwood in response to variable combustion conditions, 

periods of prolonged smouldering and the need for manually adjusting 

the fuel pack. It is therefore possible to ascertain combustion efficiency 

via the MCE when burning dry fuelwood however it is difficult to 

accurately determine an MCE time series if the fuel moisture content is 

high. Furthermore, MCE is shown to correlate with EC/TC in response to 

variation in the combustion temperature depending upon fuel type.      

vii. PMt emissions generated during the combustion of low moisture and 

high moisture fuelwood where 3.1±0.6 g/kgfuel and 9.3±4.9 g/kgfuel 

respectively. Soot samples collected during low fuelwood combustion 

presented a black appearance and included a high EC fraction and a low 

OC fraction. Soot samples collected during high fuelwood combustion 

presented a brown appearance and included a low EC fraction and a 

high OC fraction. The organic content fraction of soot was shown to 

reduce during the combustion of low moisture fuelwood in response to 

increased combustion temperatures. 

viii. The physical nature of the <PM1 particulate matter was shown to vary 

depending upon the fuelwood moisture content of the parent material 

and OC fraction. Soot samples maintaining a high OC fraction are 

presented as amorphous tar-like material. Soot samples collected during 

high temperature combustion and maintaining a high EC fraction are 

presented as long chains of spherical particulate matter maintaining a 

diameter of approximately 50 nm.   

ix. Raman spectra of soot was presented as two overlapping bands located 

at approximately 1350cm-1 and 1585cm-1. The first peak, identified as 

the D-band, is representative of disordered carbon structures and the 
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second-peak, identified as the G-band, is representative of graphitic 

carbon structures. An increase in the ID/IG was presented during the 

combustion of dry fuelwood in response to the higher combustion 

temperatures resulting in a larger fraction of EC. In addition, the intensity 

of the spectra between the two peaks is identified as the D3 band and 

represents amorphous carbon materials. This band was shown to be 

higher in soot samples collected during the combustion of wet fuelwood 

suggesting a higher OC fraction. 
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Chapter 7 

The Effect of Cold-Start Operation on Combustion 

Conditions and Pollutant Formation   

7.1  Introduction   

Combustion testing of residential room-heating appliances utilising solid fuels, 

mineral fuels and fuelwood, is often undertaken in accordance with BS EN 

13240:2001 + A2: 2004. The testing of domestic heating appliances to the standard 

method requires the stove device to be heated to a nominal operating condition 

prior to the start of the testing sequence. As such, an ignition load is applied to the 

device followed by a pre-test batch of test-fuel material which is combusted under 

different cold-start conditions. The pre-test batch, or batches (when required), are 

applied to ensure nominal combustion conditions and the formation of a suitable 

hot-firebed for subsequent test-batch ignition. Similar pre-test procedures are 

applied when testing domestic heating appliances using bituminous coal fuels (BS 

PD 6434:1969), solid fuel in space heating appliances (AS/NZS 4012:1999; CSA 

B415.1-10:2010; NS 3058:1994), residential cooker appliances (EN 12815:2001 + 

A1:2004), insert appliances for an open fireplace (EN 13229:2001 + A2:2004) and 

larger boiler systems (<500 kW) burning fossil fuels or biogenic material (BS EN 

303-5:2012). As such, stove testing practices are generally applied in order to 

ensure repeatability of performance and repeatability of emission results under well-

defined, or idealised, combustion conditions. Subsequently, the results generated 

by means of standardised testing practices generally present combustion values 

that are not representative or real-world domestic application (Houck et al., 2008; 

Reichert and Schmidl, 2018). Increased smoke formation is often observed during 

cold-start operation in response to lower combustion temperatures (Fachinger et 

al., 2017). The effect of high smoke formation, generally observed during start-up 

and cold-start operation, is therefore negated from the experimental procedure and 

quantified emission factor results (Houck et al., 2008). Furthermore, the 

development of emission inventories applying results from only warm-start stove 

operation may contribute in an underestimation of true domestic combustion 

emissions. For example, a poorly operated heating appliance utilised for aesthetics 

or short-term heating may only apply a cold-start batch and a single warm-start 

batch. The resulting emission profile would suggest that the majority of emissions 

from the combustion reaction originated from the ignition and cold-start period. The 

daily period of stove operation is known to vary across the UK with London and the 

North West presenting 1 h and 24 h of use per week respectively (BEIS, 2016). If 

stove appliances are only used periodically or for a reduced duration, the effect of 
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the cold-start would be significant in terms of total emissions produced. Emission 

inventories may therefore underestimate the true pollutant formation when testing 

under pre-heated conditions only. Several testing methods have been developed 

which attempt to provide information on combustion efficiency and emission 

monitoring under real-world operating conditions. For example, the beReal testing 

procedure, designed to test residential combustion appliances under real-world 

operating conditions, utilises a series of different operating conditions within a 

testing series including ignition and pre-heating conditions (Reichert et al., 2013). 

The majority of combustion testing presented within the literature maintains an 

ignition and pre-test phase which is generally disregarded from the experimental 

conclusions with only warm-start data quantified for application in emission 

inventories (Mitchell et al., 2016). The following work aims to assess the effect of 

cold-start operating conditions on stove performance and pollutant emission 

formation, the effect of cold-start data on emission factor repeatability and 

conclusions, and the effect of ignition materials on combustion characteristics.  

7.2  Literature Review   

Combustion testing in accordance with BS EN 13240:2001 + A2: 2004 is 

undertaken while the heating appliance is operating under nominal conditions with 

ignition and cold-start operation generally neglected from the testing procedure. 

Cold-start operation involves the ignition, start-up and combustion of a single or 

series of fuel batches while warm-start operation is the process of applying 

additional fuel to the appliance following the formation of a hot grate. When testing 

to a standard operating procedure the cold-start process is applied for the purpose 

of developing a hot grate only meaning that start-up performance and emissions 

are discounted from the experimental results (Houck et al., 2008). Previous 

research has identified increased combustion emissions during cold-start operation 

(Fachinger et al., 2017; Gonçalves et al., 2011; Houck et al., 2008; Hueglin et al., 

1997; Nussbaumer et al., 2008; Ozgen et al., 2013; Tissari et al., 2008) with such 

processes often occurring in response to reduced combustion temperatures 

(Fachinger et al., 2017; Tissari et al., 2008). The majority of combustion testing 

within the literature is undertaken under warm-start operation only meaning that 

cold-start values are generally not incorporated within contemporary emission 

inventories (McCrillis et al., 1992). The testing of appliances under such conditions 

results in as much as 33% of the total emissions being disregarded when cold-start 

data is negated (Tiegs, 1995).   

Particulate emission formation is commonly observed under poor combustion 

conditions when the operating temperature is low. Cool temperatures under cold-
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start operation therefore result in an increase in PMt formation prior to the onset of 

nominal combustion conditions. Previously, Shelton & Gay (1986) identified an 

increase in PMt emissions during cold-start operation by a factor of five when 

compared to stove operation under nominal operation. Nussbaumer et al. (2008) 

also identifies as much as 50% of the total PMt emission formation occurring during 

the initial 20 min of stove operation equating to just 7% of the total burning cycle. In 

addition, Ozgen et al. (2013) characterises as much as 46% of the total PMt 

formation occurring during the primary ignition phase. Similar work undertaken by 

Fachinger et al. (2017) shows this effect during the combustion of a variety of 

softwood and hardwood fuels under cold-start and warm-start operation. PMt 

emission is shown to be 15.7 mg/MJ and 4.3 mg/MJ during the cold-start and 

warm-start operation of beech fuelwood combustion. Similarly, during the 

combustion of ash and spruce the PMt emission is shown to be 17.7 mg/MJ and 

12.3 mg/MJ under cold-start operation and 3.7 mg/MJ and 7.7 mg/MJ under warm-

start operation respectively. Such processes are observed in closed-stove, open-

fireplace and cookstove appliances where inhibited combustion conditions during 

cold-start operation result in higher PMt emissions (Gonçalves et al., 2011; 

Maddalena et al., 2012). These emissions are generally neglected from standard 

operating procedures and emission indexes given the complexity of operating stove 

appliances during start-up (Shelton & Gay, 1986) and the inherent variability in 

cold-start operation which can result in a significant error of quantified emission 

factor results (McCrillis et al., 1992).  

The number of cold-start batches applied is often climate dependant; in cooler 

locations where fuelwood is burned as a primary method of heating the number of 

cold-starts is likely to be minimal. In locations where wood burning is not the 

primary method of heating the number of cold-starts is likely to be higher meaning 

the method of determining emissions is not representative of real-world use (Houck 

et al., 2008; Gabriel Reichert & Schmidl, 2018; Shelton & Gay, 1986). Figure 7.1 

presents findings of a 2016 BEIS study investigating the average number of hours 

which different combustion appliances are operated per week (BEIS, 2016). Results 

identify the majority of appliances currently used within the UK are open fireplace 

and closed stove systems located within urban locations. In addition, a significant 

fraction of all appliances are used less than 12 hours per week. As such, it is likely 

that urban combustion appliances are only used for a limited number of hours per 

combustion event. A similar pattern of stove used has been identified in the USA 

where an average operation period of 5.8 h (HPBA, 2004) and 4.8 h (BPBA, 2006) 

is presented (Houck et al., 2008). This suggests that, particularly in urban locations, 

the use of stove appliances is likely to present a significant number of cold-start 

phases (Houck et al., 2008). Therefore, both commercial and academic emission 
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inventories devised in accordance with BS EN 13240:2001 + A2: 2004 may 

underestimate the effect of domestic combustion appliances in response to the 

effect of a high frequency of cold-start operation.      

 

 

Figure 7.1  Variation in the hourly stove use within the UK during winter months. 
The figure presents variation in terms of duration (hours) for both closed-stove 

appliances and insert open-fireplace installations (BEIS, 2016). 

7.3  Materials and Methods   

A HETAS approved Waterford Stanley Oisin multi-fuel heating stove was used 

during combustion testing as previously identified (Maxwell et al., 2020; Mitchell et 

al., 2016; Phillips et al., 2016; Price-Allison et al., 2018). Information relating to 

equipment and operating procedures is presented in Chapter 3 Combustion testing 

was undertaken using two methods. In the first, combustion testing was undertaken 

in a method similar to that presented in BS EN 13240 for the purpose of evaluating 

the effect of cold-start and warm-start operation on emissions. In the second, a 

series of kindling piles where combusted from room temperature with the aid of 

different firelighter materials so as to evaluate the effect of ignition materials on 
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emissions and start-up performance. Fuel characterisation for fuelwood and 

kindling is presented in Table 7.1. ZipTM firelighter and If You CareTM firelighter is 

manufactured in accordance with BS 7952-2001 and BS 1860-3 where the aromatic 

content (<25% m/m), sulphur content (<0.2% m/m) and smoke point (>20mm) is 

controlled.    

 

Table 7.1  Proximate and ultimate analysis of test fuel, kindling and firelighter 
materials 

Fuel Type 
Beech Fuelwood (Price-

Allison et al., 2021) 

Pine Kindling [Homefire] 

(Phyllis2, 2021)  

Volatile Matter (% db) 75.8±0.4 81.83 

Ash 10.5±0.6 1.03 

Fixed Carbon 13.7±0.4 17.14 

Bulk MC (% ar) 12.92±1.32 16.48±1.36 

C (% db) 46.1±0.6 50.87 

H 5.7±0.1 6.27 

N 0.4±0.01 0.18 

S 0.00* 0.04 

O 37.3±0.9 41.58 

* values recorded below the detection limit 

7.3.1  Cold-Start (CS) and Warm-Start (WS) Combustion Testing 

Method   

Combustion testing was undertaken using kiln-dried hardwood beech (Fagus 

sylvatica L.) logs sourced from a local supplier [Ashtrees Ltd, Leeds, West 

Yorkshire]. The moisture content of the fuelwood was determined in accordance 

with BS EN 1813-1 and was found to be 12.92±1.32. All bark was removed from the 

fuel prior to analysis and combustion testing. Each experimental batch maintained a 

bulk mass between 1.18 kg and 1.35 kg on an as fired basis (µ = 1.26±0.1 kg). 

Combustion testing was undertaken in accordance with BS EN 13240 with gaseous 

and particulate sampling undertaken as identified in Chapter 3.     

Stove operation incorporated a single cold-start batch followed by a series of warm-

start batches under nominal combustion conditions. A cold-start batch was 

constructed on the grate in a manner which ensured repeatability in start-up 

conditions. A pre-weighed sample of kerosene-based firelighter material [ZipTM, 

High Performance] maintaining a mass of 50.01±0.08 g was placed on the centre of 

the grate. Subsequently, a pre-weighed batch of softwood kindling maintaining a 
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mass of 102.41±1 g was arranged around the firelighter so as to ensure maximum 

exposure. Two logs where placed above the kindling pack based upon a bottom-up 

ignition approach (Nussbaumer et al., 2008). The duration of cold-start operation 

was identified on a mass basis. Subsequent warm-start batches where applied onto 

the hot-grate without de-ashing allowing for ease of ignition.        

7.3.2  Firelighter Combustion Testing Method   

Combustion testing was undertaken using techniques previously identified 

(Chapter 3). A test pile batch was constructed on a cold-grate in a manner which 

ensured repeatability in start-up conditions. A pre-weighed sample of firelighter was 

placed on the centre of the grate and a pile of softwood kindling was constructed 

above. Ignition was undertaken following a bottom-up method as described in 

Maxwell et al. (2020). If You CareTM firelighter testing incorporated a mass of 

53.7±2.2 g of the ignition aid and 302.1±2.9 g of pine kindling. ZipTM testing 

incorporated a mass of 50.1±0.5 g of the ignition aid and 302.4±2.5 g of pine 

kindling. The combustion duration was determined on a visual basis with the end of 

combustion testing identified at 5 min following the end of the flaming phase. A total 

of three tests were undertaken for each of the firelighter materials with each test 

beginning at room temperature or cold-start conditions. The primary supplement 

associated with If You CareTM firelighter material is vegetable oil maintaining an 

estimated HHV of 40.5 MJ/kg while ZipTM firelighter material includes kerosene as a 

supplement maintaining an estimated HHV of 46.2 MJ/kg (Demirbaş, 2003; 

TheEngineeringToolbox.com, 2003). Furthermore, the chemical structure of 

vegetable oil and kerosene is known to differ. Vegetable oil generally comprises 

triglycerides which include a molecule of glycerol and three molecules of fatty acids 

in the form of a carboxyl group (Blin et al., 2013). Alternatively, kerosene is a 

petroleum-based substance comprising a complex mixture of hydrocarbons in the 

form of 10-16 carbon atoms per molecule with additional inclusions of benzene, 

hexane and naphthalene (Gad & Pham, 2014; Lam et al., 2012). Cetane number 

(CN) is often applied as a measure of ease of ignition and material flammability 

(Sidibé et al., 2010). The CN of vegetable oil is dependent upon the parent 

feedstock and is generally found within the range of 29 and 45. Alternatively, diesel 

and other petroleum-based substances maintain a higher CN value often greater 

than 50 (Blin et al., 2013; Sidibé et al., 2010). Previous work has identified higher 

emissions and improved performance during the combustion of kerosene-based 

fuels in contrast to vegetable oil-based derivatives (Dinesha et al., 2019) however 

there has been limited evaluation of the effect of such substances as combustion 

aids within a residential heating appliance.            
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7.4  Results and Discussion   

7.4.1  Burning Rate and Combustion Temperature   

The rate of fuel conversion and temperature may be applied as a method of 

determining combustion conditions within the stove appliance. Higher combustion 

temperatures generally correspond with an increase in the fuel conversion rate 

while lower combustion temperatures may correspond with a reduction in the 

burning rate and detrimental combustion conditions (Alves et al., 2011; Fachinger et 

al., 2017). Further information of the determination of combustion temperature and 

burning rate is shown in Chapter 3. The rate of fuel conversion is shown to vary 

throughout the combustion experiment. Similar findings have been presented within 

the literature where the rate is dependent upon the phase of the combustion 

reaction (Mitchell et al., 2016; Fachinger et al., 2017; Maxwell et al., 2020). 

Additionally, the burning rate has been shown to vary depending upon fuel type and 

appliance (Mcdonald et al., 2000). A lower burning rate is generally presented 

during the combustion of fuelwood under cold-start conditions. Under cold-start 

conditions a maximum burning rate of 3.9 kg/hour was observed following ignition 

and generally represented the combustion of firelighter material and kindling as well 

as processes of water loss from the fuel particle during the pre-ignition or drying 

phase. Under warm-start conditions a maximum burning rate of 5.1 kg/hour was 

observed during the peak flaming phase and succeeding a 6 min drying period 

following reloading. The average conversion rate is presented as 1.29±0.31 g/kgfuel 

and 1.87±0.40 g/kgfuel for cold-start and warm-start operation respectively. In 

addition, a difference in the burning rate is presented during different phase of 

combustion (start-up, flaming and smouldering combustion) for both cold-start and 

warm-start batches. Cold-start operation results in an initial peak in the conversion 

rate followed by a prolonged period of reduced mass loss. Warm-start operation 

generally presents a significant burning rate peak following the addition of fuel to 

the combustion appliance. The rapid loss of mass is likely in response to fuel 

particle moisture loss and initial devolatalisation during heating (Price-Allison et al., 

2018). Under cold-start conditions the peak conversion rate occurred between 3 

min and 9 min following ignition. Under warm-start conditions the peak conversion 

rate occurred between 2 min and 9 min following reloading. As such, the period of 

peak-burning rate under cold-start conditions is likely controlled by the rate-limiting 

drying phase (Price-Allison et al., 2018). Alternatively, the period of peak-burning 

rate under warm-start conditions us likely controlled by the rate of volatile loss and 

onset of peak-flaming combustion (Mitchell et al., 2016). This process is likely 

dependent upon the initial temperature of the grate during reloading. A similar 
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pattern is presented in Maxwell et al. (2020) whereby a peak in the burning rate is 

presented following the addition of new fuel to the combustion reaction.    

Temperature within the combustion zone is known to vary throughout the reaction 

and is controlled by a number of factors previously discussed. Given the difficulty in 

measuring the temperature within a small domestic heating appliance, primarily in 

response to the dynamic variability of the combustion reaction, flue gas temperature 

has been applied as a representative proxy of conditions within the firebox as 

identified within the literature (Lamberg et al., 2011; Fachinger et al., 2017; Price-

Allison et al., 2018; Maxwell et al., 2020). Figure 7.2 presents the variation in 

combustion temperature during cold-start and warm-start batch testing. Results 

indicate a process of rapid heating during ignition followed by a plateau in the 

combustion temperature throughout the flaming phase. A subsequent reduction in 

the temperature is observed throughout the smouldering phase in response to a 

slowed combustion reaction. A similar trend is observed during both cold-start and 

warm-start operation. The average combustion temperature measured across a 

complete batch cycle is shown to vary between different stove operating conditions. 

Intuitively, the cold-start batch presents a lower combustion temperature than that 

of the warm-start burning cycles. The average temperature is shown to be 250±39 

ºC and 363±48 ºC under cold-start and warm-start conditions respectively. 

Similarly, the maximum attained temperature was higher during warm-start 

operation. The maximum temperature was observed within the range of 273 ºC and 

342 ºC under cold-start conditions and between 379 ºC and 580 ºC under warm-

start conditions. A large error in the average combustion temperature, 250±39 ºC, is 

presented under cold-start conditions indicating the effect of poor ignition on both 

the temperature and heating rate. In addition, under warm-start operation the 

average and maximum temperature is shown to increase with each batch of fuel 

applied to the stove. A similar process is identified during the combustion of 

fuelwood and fuel briquettes in response to the increased energy throughput during 

prolonged stove operation (Chapter 8). 
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Figure 7.2  Variation in mass loss (kg), fuel burning rate (kg/hour) and combustion 
temperature (ºC). Temperature is represented by the flue gas temperature 

(ºC). Fuel mass and burning rate is presented in kg/hour on an as-fired basis. 
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Fuelwood conversion rate is shown to be dependent upon the combustion 

temperature while the temperature differs depending upon stove operational 

conditions. As such, cold-start operation, synonymous with reduced operating 

temperatures, results in a reduced burning rate. Analysis of the Pearson Correlation 

Coefficient (r) between combustion temperature and fuel conversion rate shows a 

positive and statistically significant correlation (r is 0.91) whereby an increase in 

temperature leads to an increase in the rate of conversion. A similar correlation is 

also presented between flame temperature and burning rate (r is 0.92). Figure 7.3 

presents the relationship between temperature and burning rate during cold-start 

and warm-start operating conditions. Cold-start operation is generally associated 

with a reduced combustion temperature resulting in a lower burning rate. Warm-

start operation is generally associated with an increased combustion temperature 

resulting in a high burning rate. A review of the convex-hull definition suggests a 

shift in an up (↑) and right (→) direction following the addition of subsequent warm-

start test batches. As such, the temperature and burning rate generally increase 

with each batch of fuel applied to the stove. Cold-start operation is also shown to be 

the most variable presenting a convex-hull regional area of 929 in contrast to 

smaller areas of 777, 441 and 627 for WS1, WS2 and WS3 respectively. Such 

processes are likely in response to the inherent variability in fuel particle ignition, 

heat distribution across the fuel pack and low temperatures during the early stages 

of combustion.       
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Figure 7.3  The effect of combustion temperature (ºC) on fuel conversion rate 
(kg/hour) during cold-start and warm-start stove operation. Each test batch is 

represented within a series where CS is cold-start, WS1 is warm-start batch 1, 
WS2 is warm-start batch 2 and WS3 is warm-start batch 3. The shaded area 
is a convex-hull and represents the total region where data is present for CS, 
WS1, WS2 and WS3. Burning rate values present the average rate sampled 

on a min/min basis.    

 

Operating conditions are shown to vary significantly during the operation of the 

stove appliance under cold-start and warm-start conditions. Combustion 

temperature (flue gas and flame temperature) is presented as a rate limiting factor 

effecting the burning rate, average O2 availability within the combustion zone and 

batch duration (min). A prolonged heating duration is required when warming 

domestic heating appliances due to the structural and material properties of the 

device. The estimated energy requirement for heating the stove (q) from 20ºC to 

100ºC is 2723.2 kJ assuming an appliance mass of 74 kg and a predominantly 

cast-iron composition. The energy requirement is calculated (Equation 7.1) as a 

function of the specific heat of cast iron (Cp) which is estimated to be 0.46 kJ/kgC, 

the mass of the appliance (m) in kg and the heating range (dt) in degrees Celsius 

(ºC) (TheEngineeringToolbox.com, 2003). 

 

(𝟕. 𝟏)     𝑞 = 𝐶𝑝 × 𝑚 × 𝑑𝑡 
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Table 7.2 presents a summary of the average combustion conditions presented 

during each of the cold-start and warm-start testing series on a complete batch-

basis. As previously suggested, there is a strong positive correlation between 

combustion temperature and the rate of fuel conversion. Cold-start testing, under 

low heating conditions, presents a prolonged combustion and burn-out duration 

(63.83±15.73 min) where warm-start operation, associated with a higher burning 

rate, presents a reduced duration (42.10±11.13 min). A strong negative correlation 

is associated with combustion temperature and batch duration where r is -0.923 

and –0.938 for flue gas and flame temperature respectively. In addition, the O2 

concentration is shown to vary between cold-start and warm-start conditions and is 

closely correlated with burning rate (r is -0.979) and temperature (r is -0.863). 

Similar processes are observed by Ozgen et al. (2013) whereby varying O2 

availability under cold-start (16.6%) and warm-start (13.4%) operation occurs in 

response to high combustion temperatures in the latter likely resulting in a higher 

rate of fuel conversion. As such, cold-start operation is generally associated with a 

lower combustion temperature in response to the method of ignition (Nussbaumer 

et al., 2008), user behaviour (Fachinger et al., 2017), energy loss during the drying 

period (Shen et al., 2012; Price-Allison et al., 2018), difficulty in ignition in response 

to specific fuel properties, the cooling effect of water vapour within the combustion 

zone and the thermal mass of the appliance (Tryner et al., 2014). Such processes 

lead to a reduction in the burning rate effecting both the O2 availability and the 

duration of the combustion reaction. Such processes are generally negated 

following the application of additional test batches.         

 

Table 7.2  Variation in average combustion conditions during cold-start and warm-
stove operation 

Test Phase 

Burning 

Rate 

(kg/hour) 

Ave. Flue 

Gas 

Temp. 

(°C) 

Ave. Flame 

Temp. 

(°C) 

Ave. O2 

Conc. 

(vol-%) 

Combustion 

Period 

(min) 

CS 1.29±0.31 250±39 360±62 16.48±0.03 63.83±15.73 

WS-1 1.94±0.43 349±33 505±134 14.94±2.11 39.67±8.01 

WS-2 1.50±0.35 340±56 483±127 16.35±1.62 54.25±12.37 

WS-3 2.15±0.06 409±51 587±67 14.00±0.51 33.58±2.00 

WS-Ave. 1.87  ± 0.40 363 ± 48 522 ± 107 15.05±1.70 42.10±11.13 
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7.4.2  Variation in Emission Concentrations During Stove 

Operation Under Cold-Start and Warm-Start Conditions   

Gaseous emissions monitoring was undertaken during the combustion of each 

batch of fuel and during each phase of combustion. Figure 7.4, 7.5 and 7.6 present 

the emissions measurements for organic and inorganic gaseous species in 

mg/Nm3. It should be noted that pollutants identified as benzene (C6H6) and 

Formaldehyde (CH2O) are likely to include a series of other trace species. The 

nature and pattern of the emission profiles were found to generally correspond with 

similar measurements presented in earlier works (Esbjörn Pettersson et al., 2011; 

Mitchell et al., 2016; Maxwell et al., 2020). There is a 120 sec data-gap in the 

emission profile at the point of manual reloading. The measurements in this period 

are invalidated by the effect of air inundation within the firebox while the stove door 

is opened. 

Nitrogen oxide (NOx) measurements were made throughout the complete 

combustion cycle thereby incorporating aspects of ignition, flaming combustion and 

smouldering. NOx generally consists of Nitric oxide (NO) and Nitrogen dioxide 

(NO2). NO is identified as the major fraction incorporating between 90% and 95% of 

the total NOx composition (Koppejan and van Loo, 2008; Khan et al., 2009; 

Mladenović et al., 2016). As such, NO and NOx may be applied interchangeably 

during the combustion of biomass (Amand and Leckner, 1991). The emission 

formation is shown to vary depending upon the phase of combustion with the 

flaming phase generally presenting a higher concentration (mg/m3). NOx formation 

in small domestic heating appliances generally occurs in response to the thermal 

decomposition of nitrogen-containing compounds within the fuel particle during 

devolatalisation. Given the relatively low combustion temperatures (<1400ºC) 

observed within the testing series (Table 7.2) the formation of NO is likely in 

response to the release of nitrogen via the fuel NOx mechanism only (Glarborg et 

al., 2003; Koppejan and van Loo, 2008; Bugge et al., 2015). It is also likely that a 

small fraction of the total NOx may be derived via the prompt NOx route however it 

is thought to be a minor contribution (Johnsson, 1994). During biomass heating the 

nitrogenic compounds are released in the form of NH3 and HCN with the former 

being decomposed to NH2 and NH radicals which are subsequently oxidised to form 

NO. In addition, NH2 and NH may react with radicals of NO and OH allowing for the 

formation of N2 (Johnsson, 1994; Werther et al., 2000). HCN is also oxidised to 

form NCO which reacts with NO in the gas phase resulting in the formation of N2O 

(Miller and Bowman, 1989; Werther et al., 2000).The average NO concentration 

(mg/m3) observed during cold-start operation was 59.3±19.8 mg/m3 while the 

average concentration observed during warm-start operation was 67.5±16.1 mg/m3. 
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The average emission concentration does not vary significantly under different 

temperature conditions during cold-start and warm-start operation or between each 

of the individual warm-start batches suggests Fuel NOx as a primary formation 

route. The rate of NOx formation also appears to correlate with the combustion 

temperature and, as a result, the burning rate, suggesting a higher concentration 

during periods of increase fuel conversion. Following the ignition of a fuel batch the 

NO concentration increases to a peak followed by a period of steady decline. Such 

processes occur in response to the devolatalisation and consumption of nitrogenic 

compounds within the fuel volatile fraction during the flaming phase. Following the 

loss of the fuel volatile fraction the rate of NO formation slows. Nitrogen compounds 

remaining in the char may be combusted during the smouldering phase (Khan et 

al., 2009) however the total formation is relatively low. Char bound nitrogen is likely 

burned towards the end of the combustion reaction leading to the formation of NO, 

N2O and N2 (Klein and Rotzoll, 1994; Werther et al., 2000).    

As with the formation of NOx, Sulphur oxide (SOx) species formation is directly 

linked to the inherent sulphur content of the fuel material. As such, SOx 

concentration levels are dependent upon the inherent sulphur content of the fuel 

material. SOx generally consists of sulphur dioxide (SO2) and sulphur trioxide 

(SO3). SO2 is identified as the primary constituent incorporating more than 95% of 

the total SOx emission. SO3 is found in lower concentrations (<5%) and is 

associated with lower temperature combustion (Koppejan and van Loo, 2008). 

Following devolatalisation, sulphur reacts with O2 leading to the formation of a 

variety of SOx species. The subsequent SOx pollutant is based upon the O2 

availability within the combustion zone. Where the oxygen availability is high the 

sulphur will react to form SO, SO2 and SO3. Where the oxygen availability is low the 

sulphur will react to form H2S, S2 and SH (FLUENT, 2009). The average SO2 

concentration (mg/m3) observed during cold-start operation was 52.0±2.9 mg/m3 

while the average concentration observed during warm-start operation was 

52.8±5.7 mg/m3. The limited variation in emission concentration suggests the 

oxidation of fuel bound sulphur as the primary route of formation. Like NO, the rate 

of SO2 formation appears to be affected by the burning rate and combustion 

temperature whereby periods of higher burning intensity result in an increase in 

emissions. As such, the ignition and flaming combustion phases generally produce 

a higher concentration of SOx due to the increased rate of fuel sulphur loss. The 

SO2 formation during the smouldering phase is generally lower in response to the 

limited fuel sulphur availability within the char phase.     

Variation in the concentration of VOC pollutants was observed throughout the 

combustion cycle and between differing stove operational conditions. Carboxylic 
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acid group pollutants are formed during the breakdown of each of the primary 

constituents of biomass with high concentrations produced during the deacetylation 

of hemicellulosic material due to the abundance of O-acetyl group compounds 

attached to the xylem-chain structure (Shen et al., 2010; Shen et al., 2015; Lu et al., 

2019). Acetic acid (C2H4O2) is identified as the most common carboxylic product 

derived from the pyrolysis of biomass (Lu et al., 2019). The formation of C2H4O2 

may occur through the dissociation of O-acetyl side chains during pyrolysis or via 

the breakdown of uronic acid group compounds depending upon combustion 

temperature and retention time (Wang et al., 2015). The formation of C2H4O2 is 

dependent upon pyrolysis temperature but generally occurs within the range of 192-

429 ºC (Shen et al., 2015). The average C2H4O2 concentration observed during 

cold-start operation was 125.8±116.0 mg/m3 while the average concentration 

observed during warm-start operation was 25.8±20.1 mg/m3. The formation of 

C2H4O2 is shown to be higher during cold-start operation where the concentration is 

reduced in response to an increase in the combustion temperature and during the 

smouldering phase. Emission concentrations are shown to be significantly lower 

during the combustion of fuelwood under warm-start conditions. An initial spike in 

C2H4O2 formation occurs following reloading likely in response to the effect of 

moisture within the fuel particle resulting in a delay in ignition. Following the onset 

of the flaming phase the emission concentration is negligible suggesting C2H4O2 is 

consumed under the hotter combustion conditions. 

Aldehyde formation occurs in response to the breakdown of cellulose and 

hemicellulose during the combustion reaction (Kopczyński et al., 2015). During 

biomass combustion more than 50% of the total aldehyde emittance is 

Formaldehyde (CH2O) and Acetaldehyde (CH3CHO) where an increase in 

concentration occurs during low temperature combustion conditions (Koppmann et 

al., 2005). The average CH2O concentration observed during cold-start operation 

was 71.0±35.3 mg/m3 while the average concentration observed during warm-start 

operation was 30.1±17.0 mg/m3. The formation of CH2O appears to follow a similar 

trend to that of other oxygenated hydrocarbons (C2H4O2) whereby concentrations 

are high during cold-start operation and low during warm-start operation. In 

addition, an initial peak in CH2O formation generally occurs following reloading with 

a subsequent reduction during the high temperature flaming combustion phase. A 

such, the emittance of oxygenated hydrocarbon species appears to correspond with 

a decrease in the combustion temperature (Koppmann et al., 2005). Aldehyde 

monitoring is often undertaken given the detrimental effects of high concentration 

exposure on human health. In addition, CH2O may react with HCl within the 

atmosphere leading to the formation of bis(chloromethyl) ether (CH2Cl)2O), a 

compound maintaining carcinogenic properties (Llpari et al., 1984). 
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Figure 7.4  Temperature (ºC) and pollutant emission concentrations (mg/m3) during 
the combustion of kiln-dried beech fuelwood (testing series one). Emission 
concentrations are presented at 0ºC and 101.325 kPa. The cold-start batch 
was ignited via the application of 101.8 g kiln-dried pine kindling and 50.1 g 
kerosene-based firelighter material. Vertical dashed lines indicate periods of 

fuel reloading. 
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Figure 7.5  Temperature (ºC) and pollutant emission concentrations (mg/m3) during 
the combustion of kiln-dried beech fuelwood (testing series two). Emission 
concentrations are presented at 0ºC and 101.325 kPa. The cold-start batch 
was ignited via the application of 103.6 g kiln-dried pine kindling and 49.9 g 
kerosene-based firelighter material. Vertical dashed lines indicate periods of 

fuel reloading. 
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Figure 7.6  Temperature (ºC) and pollutant emission concentrations (mg/m3) during 
the combustion of kiln-dried beech fuelwood (testing series three). Emission 
concentrations are presented at 0ºC and 101.325 kPa. The cold-start batch 
was ignited via the application of 101.8 g kiln-dried pine kindling and 50.1 g 
kerosene-based firelighter material. Vertical dashed lines indicate periods of 

fuel reloading. 
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Hydrocarbon emission monitoring was undertaken during the combustion of each 

batch of fuel and during each phase of particle combustion. The concentration of 

hydrocarbon species is shown to vary throughout the combustion cycle and under 

different operating conditions. Figure 7.4, 7.5 and 7.6 present the emissions 

measurements for Methane (CH4), Ethane (C2H6), Ethylene (C2H4), Propane (C3H8), 

Hexane (C6H14), Benzene (C6H6) and Acetylene (C2H2) pollutants in mg/Nm3. CH4 

and other hydrocarbon species are generally regarded as an intermediate between 

fuel carbon and CO2 as well as fuel hydrogen and H2O assuming complete 

combustion (Koppejan and van Loo, 2008). The formation of CH4 and other 

hydrocarbon products occur in response to reduced combustion temperatures, a 

reduced residence time and inhibited O2 availability within the combustion zone 

(Koppejan and van Loo, 2008). CH4 and C6H6 were found to be the most prevalent 

hydrocarbon species presenting a concentration of 166±113 mg/m3 and 104±38 

mg/m3 during cold-start operation and 75±35 mg/m3 and 47±18 mg/m3 under warm-

start operation. Similar findings have been presented within the literature whereby 

CH4 and other low molecular weight compounds presents the higher emission 

concentration (E Pettersson et al., 2011). Under warm-start conditions the 

hydrocarbon species presenting a higher molecular weight where generally found in 

lower concentrations likely in response to the thermal cracking of larger compounds 

under higher combustion temperatures. Alternatively, under cold-start conditions 

and in response to lower combustion temperatures, C2-C3 chain hydrocarbon 

species where recorded in the lowest concentration. The emission concentration of 

all hydrocarbon species is shown to spike during ignition followed by a period of 

decline during the onset of flaming combustion. In addition, an increase in the 

emission concentration is also observed at the end of the batch during the 

smouldering phase in response to a reduction in temperature and during the 

pyrolysis or remaining fuel particle fragments on the grate. 

Figure 7.7 presents the variation in total hydrocarbon emissions under cold-start 

operation and during each of the subsequent warm-start batches. The total 

hydrocarbon concentration is calculated as the sum of each monitored pollutant 

species in mg/Nm3 (CH4, C2H6, C2H4, C3H8, C6H14, C6H6 and C2H2). The range is 

presented as the difference in emission concentration observed under each 

experiment at a specific time (min) during the combustion reaction. The average 

concentration is the numerical average emission concentration calculated from 

each of the three combustion experiments. Cold-start operation presents the 

highest hydrocarbon emission with an average concentration of 510 mg/m3. The 

average concentration is shown to decrease with each batch of fuel applied to the 

stove suggesting the effect of an increase in the combustion temperature on 

emission formation. Similarly, Figure 7.4, 7.5 and 7.6 present variation in individual 
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concentration subject to temperature and depending upon the phase of combustion. 

The average concentration for WS-1, WS-2 and WS-3 was 249 mg/m3, 217 mg/m3 

and 112 mg/m3 respectively. The average emission concentration observed during 

warm-start operation was 205 mg/m3. The formation of total hydrocarbon pollutants 

generally follows the same trend under both cold-start and warm-start operation. 

The concentration is shown to peak during ignition followed by a period of decline 

during flaming combustion where the temperature is highest. A second peak is 

observed during the smouldering phase in response to the late devolatalisation of 

remaining fuel under cooler combustion conditions. The peak in concentration 

during ignition and smouldering combustion is shown to decrease with each batch 

of fuel applied to the stove suggesting the effect of the stove operating duration on 

temperature and combustion conditions.  
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Figure 7.7  Variation in Total Hydrocarbon emission concentration (mg/m3) during 
cold-start and warm-start stove operation. Emission concentrations are 
presented at 0ºC and 101.325 kPa. Total Hydrocarbon concentration is 

presented as the sum of hydrocarbon species CH4, C2H6, C2H4, C3H8, C6H14, 
C6H6 and C2H2. - - - presents the average emission concentration in mg/m3 for 

all testing series. 
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7.4.3  Variation in Combustion Efficiency under Cold-Start and 

Warm-Start Conditions   

The Modified Combustion Efficiency (MCE) may be calculated as an indication of 

the fuel carbon fraction converted into CO2 during a combustion reaction (Fachinger 

et al., 2017). Figure 7.8 presents the variation in MCE and CO under cold-start and 

warm-start operation. The average MCE is shown to vary between methods of 

operation and phase of combustion. Cold-start operation presents an average MCE 

of 0.90±0.06 while warm-start operation presents and average MCE of 0.95±0.01. 

The range of MCE values for cold-start operation is between 0.83 and 0.94 while 

the range of average MCE values for warm-start operation is between 0.93 and 

0.97. The MCE is shown to be significantly more variable under cold-start 

conditions in response to difficulty in ignition.    

The average CO concentration was shown to be similar during stove operation 

under cold-start and warm-start conditions. The average emission concentration 

was shown to be 3250±256 mg/m3 and 3294±290 mg/m3 for cold-start and warm-

start operation respectively. Under both conditions the pattern of CO formation 

appears to follow a similar trend whereby the emission concentration reaches a 

peak during the ignition of the cold-start batch or the addition of new fuelwood to 

the grate. The presence of the initial peak suggests incomplete combustion of 

volatile material under cold-start or reduced operating temperatures. CO is known 

to peak following fuel reloading in response to rapid devolatalisation of the fuel 

particles during heating in absence of a flame. High CO formation is therefor likely 

to occur in response to limited mixing of combustion products with O2, rapid 

devolatalisation of fuel particles and low combustion temperatures (Vicente et al., 

2015). Following the ignition of the fuel particles, and the onset of flaming 

combustion conditions, the CO concentration is shown to decline and often plateau. 

The reduced CO concentration occurs in response to an increase in the combustion 

temperature results in the complete burnout of volatile compounds and the 

oxidation of CO to CO2 (Mitchell et al., 2016). The concentration is also shown to 

increase towards the end of the combustion cycle signifying the onset of fuel 

smouldering and char combustion at lower temperatures (Mitchell et al., 2016). The 

effect of poor ignition of fuel particles on CO formation is presented in Figure 7.4: 

Series 1 whereby the average emission concentration was 3545 mg/m3 under cold-

start conditions. Poor ignition contributes in a reduction in the firebox temperature 

subsequently inhibiting the oxidation of volatile compounds within the combustion 

zone. Cold-start operation appears to provide a greater variability in emission 

results with average concentrations appearing to be dependent upon the ignition 

process.  
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Both CO concentration and the efficiency of the combustion reaction appear to be 

affected by the temperature conditions. Pearson’s correlation analysis indicates a 

coefficient of 0.779 for flue gas temperature and MCE. Similarly, a correlation 

coefficient of 0.771 is indicated for burning rate and MCE. These correlations of 

temperature with fuel conversion rate and MCE are shown to be statistically 

significant to a level of P = <0.01. Cold-start combustion is generally associated 

with lower temperatures resulting in a higher CO fraction and reduced combustion 

efficiency. Alternatively, warm-start combustion is generally associated with higher 

temperatures resulting in a lower CO fraction and increased combustion efficiency. 

In addition, the variation in temperature observed throughout the course of a single 

test-batch, irrespective of cold-start or warm-start conditions, is shown to effect both 

CO formation and the MCE value. Similar findings have been reported within the 

literature whereby cold-start operation generally presents reduced combustion 

temperatures leading to high CO concentrations and reduced combustion 

efficiency. Tissari et al. (2008) identifies relatively low combustion temperatures 

during cold-start operation followed by a subsequent increase in temperature with 

each additional batch of fuelwood applied to the appliance. Resultant changes in 

the combustion conditions correspond with an increase in CO formation by a factor 

of 3.5 (Tissari et al., 2008). Ozgen et al. (2013) presents further variability in CO 

formation under cold-start (63 g/kgfuel) and warm-start (42 g/kgfuel) operation. In 

addition, CO formation has been shown to be significantly higher during all phases 

of combustion; the formation was shown to be higher by a factor of 1.6 during the 

ignition, 1.3 during flaming and 1.6 during smouldering (Ozgen et al., 2013). 

Similarly, Vicente et al.) 2015) presents higher CO during periods of low 

temperature conditions indicative of both ignition and char burnout phases. The 

char burnout phase generally occurs at the end of the combustion reaction at 

temperatures <500 ºC. Such processes have been shown to correspond with a 

reduction in the combustion efficiency and a shift in the flame colour from yellow, 

during flaming combustion, to a light blue (Calvo et al., 2014). As such, the CO 

formation and MCE is affected by both the phases of combustion (Tissari et al., 

2008; Calvo et al., 2014; Mitchell et al., 2016) and the combustion temperature 

(Tarelho et al., 2005; Calvo et al., 2014) with both processes varying under cold-

start and warm-start operation. 

 



- 270 - 

 

Figure 7.8  Variation in MCE, CO concentration and temperature during cold-start 
and warm-start stove operation. Emission concentrations are presented at 

0ºC and 101.325 kPa. - - - presents the batch reloading point (min). 
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7.4.4  Variation in Gaseous Emissions under Cold-Start and 

Warm-Start Conditions 

Gaseous emission factors (g/kgfuel) were calculated for each of the pollutant species 

measured on a complete batch basis thereby including aspects of ignition, flaming 

combustion and smouldering. Table 7.3 presents the numerical average emission 

factor values calculated for the two/three test batches where the stated error is the 

standard deviation of the sample. The average warm-start emission factor values 

represent the average emission for all of the warm-start experiments (WS-1, WS-2 

and WS-3).  

High emission factor values are generally presented under cold-start operation 

while the subsequent emission formation is shown to be relatively low following the 

development of warm-start conditions. The average CO emission factor is 

76.91±23.35 g/kgfuel under cold-start operation and 54.11±10.28 g/kgfuel under 

warm-start operation. Such processes are likely in response to low temperatures 

during ignition and throughout the cold-start combustion reaction contributing in the 

onset of a smouldering-like combustion reaction. The reduced CO formation during 

warm-start operation suggests an improved efficiency in the combustion reaction 

where CO is oxidised during the formation of CO2. CH4 and C6H6 are shown to be 

the most prevalent hydrocarbon species under both stove operating conditions. The 

average CH4 and C6H6 emission factor values are shown to reduce significantly 

following the onset of stable combustion conditions under a higher temperature. 

The average CH4 emission factor is shown to be 4.24±3.86 g/kgfuel under cold-start 

operation and 1.41±0.91 g/kgfuel under warm-start operation. The average C6H6 

emission factor is shown to be 2.54±1.57 g/kgfuel under cold-start operation and 

0.83±0.37 g/kgfuel under warm-start operation. A similar trend is presented for other 

hydrocarbon species, CH2O and Acetic acid. NOx and SO2 emission factor values 

appear relatively unaffected by the cold-start and warm-start conditioning. A slightly 

higher emission is presented under cold-start conditions however this is likely in 

response to a higher mass of fuel within the appliance during ignition considering 

the presence of firelighter and kindling materials.  

The variability in emission factor values is shown to be more significant during cold-

start operation while values are often more similar when the stove is heated. A 

large standard deviation (σ) is observed during the combustion of fuelwood during 

cold-start conditions in response to issues affecting the ignition of the test fuel. This 

error is derived from a poor ignition event observed during the testing of CS-1. Poor 

ignition, likely in response to fuel placement, the exposure of fuel particles to the 

heated grate and fuel moisture content, resulted in slow ignition. This results in a 

lower burning rate, inhibited combustion temperatures and the onset of a 
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smouldering combustion reaction. As such, CS-1 suggests increased CO formation, 

in contract to warm-start operation, by a factor of 2.5. CS-2 and CS-3 present more 

successful ignition reactions resulting in improved combustion conditions. The cold-

start emission values for these series were only higher by a factor of 1.1 and 1.7 

when compared with respective warm-start operation. 

 

Table 7.3  Emission Factor values for Cold-Start and Warm-Start stove operation. 
WS-Average is the average Warm-Start emission factor values for WS-1, WS-

2 and WS-3. THC is the total emission of hydrocarbon species (CH4, C2H6, 
C2H4, C3H8, C6H14, C6H6 and C2H2). Emission factor values are presented in 

g/kgfuel. 

Pollutant 

Species 

CS 

(g/kgfuel) 

WS-1 

(g/kgfuel) 

WS-2 

(g/kgfuel) 

WS-3 

(g/kgfuel) 

WS-Ave. 

(g/kgfuel) 

CO 76.91±23.35 50.65±7.56 64.83±13.92 48.60±0.19 54.11±10.28 

SO2 1.18±0.22 0.79±0.03 1.03±0.30 0.79±0.06 0.86±0.17 

NOx 1.36±0.21 1.05±0.13 1.16±0.0 1.10±0.04 1.10±0.09 

CH4 4.24±3.86 1.50±0.47 2.12±1.44 0.57±0.19 1.41±0.91 

C2H6 1.88±2.14 0.52±0.14 0.44±0.39 0.01±0.0 0.35±0.29 

C2H4 0.85±0.10 0.40±0.10 0.28±0.14 0.17±0.04 0.30±0.14 

C3H8 0.89±0.98 0.39±0.08 0.44±0.23 0.21±0.03 0.35±0.15 

C6H14 0.74±0.35 0.16±0.0 0.12±0.07 0.03±0.0 0.11±0.07 

C2H2 0.59±0.04 0.31±0.12 0.17±0.03 0.20±0.09 0.24±0.11 

C6H6 2.54±1.57 1.08±0.09 0.86±0.49 0.42±0.15 0.83±0.37 

THC 11.72±8.84 4.36±0.39 4.44±2.80 1.61±0.51 3.60±1.80 

CH2O 1.78±1.31 0.81±0.14 0.63±0.36 0.12±0.06 0.56±0.35 

C2H4O2 3.35±3.72 0.88±0.14 0.41±0.12 0.03±0.01 0.50±0.40 

 

A high degree of variability may also be observed during warm-start operation. Both 

cold-start and warm-start emissions are affected by the temperature of the 

combustion reaction. As such, high emissions may be observed under warm-start 

operation if there is a reduction in the combustion temperature. Such processes 

may result in emissions being as high, or higher, during warm-start operation to that 

observed when the stove is cold. WS-2 presents a high standard deviation (σ) for 

gaseous pollutant species in response to higher emission values observed during 

warm-start combustion testing. Figure 7.9 presents the effect of a reduction in 

temperature on emission formation under warm-start operation observed during 

Series Two. The average combustion temperature observed during cold-start 

operation was 273.1ºC while the average temperature observed during WS-2 was 
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300.3ºC. This value is lower than that observed during other warm-start batches 

within the series (WS-1 was 318.9ºC; WS-3 was 372.8ºC. As such the emission 

factor values are shown to increase by a factor of 1.16 for CO and 1.52 for CH4 

during WS-2 when compared with cold-start operation. This effect is masked by the 

addition of further batches when quantifying average emission factor values but 

remains prevalent when assessing the error. Though such values may appear as 

anomalous results it is important that they are considered, as with cold-start 

emissions, in the quantification of emission factor values given that they 

demonstrate the dynamic nature of the combustion reaction within small residential 

heating appliances. 
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Figure 7.9  The effect of combustion temperature on concentration and emission 
factor of CO and CH4. Data is derived from Series 2. - - - presents the batch 

reloading point (min). ⬛ presents the observed range in grate temperature 

(ºC) dependent upon location on the grate. 
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A scaling factor is calculated to numerically quantify the variation in average 

emission factor values between test batch types. The factor is calculated as a ratio 

of the emission factor from cold-start operation and warm-start operation 

(EFCS:EFWS). Factors are calculated for average emission factor values whereby 

WS-1ave is the average scaling factor observed during the combustion of WS-1 

batches in Series One, Series Two and Serie Three. Scaling factor values for each 

of the monitored gaseous emission species is presented in Table 7.4. Average 

emission factor values are shown to be higher during the operation of the stove 

under cold-start conditions and lower when an increase in the combustion 

temperature is observed. CO presents a high emission during cold-start operation 

with an average emission factor of 76.91±23.35 g/kgfuel. CO formation is shown to 

reduce during the operation of the stove appliance under warm-start conditions. 

The average emission factor was found to be 50.65±7.56 g/kgfuel, 64.83±13.92 

g/kgfuel and 48.60±0.19 g/kgfuel for WS-1ave, WS-2ave and WS-3ave respectively. A 

correlation may be observed between the combustion temperature and CO 

emission factor value. The average combustion temperature was low during cold-

start operation with an average value of 250±39 ºC. The addition of subsequent fuel 

led to an increase in combustion temperatures with average conditions found to be 

349±33 ºC, 340±56 ºC and 409±51 ºC for WS-1ave, WS-2ave and WS-3ave 

respectively. As such, the emission of CO is shown to be higher by a factor of 1.42 

between cold-start and average warm-start test batches. Similarly, the formation of 

CH4 was found to be 4.24±3.86 g/kgfuel during cold-start operation while an 

emission factor of 1.50±0.47 g/kgfuel, 2.12±1.44 g/kgfuel and 0.57±0.19 g/kgfuel was 

calculated for the combustion of fuelwood during WS-1ave, WS-2ave and WS-3ave 

batches respectively. As such, the average CH4 emission is shown to increase by a 

factor of 3.01 during the operation of the stove under cold-start conditions. This 

trend is observed across each of the observed hydrocarbon species while the THC 

formation is shown to increase by a factor of 3.26 during cold-start operation. 

Aldehyde formation is also shown to reduce during the onset of high temperature 

combustion. CH2O presents a high emission during cold-start operation with an 

average emission factor of 1.78±1.31 g/kgfuel. CH2O formation is shown to reduce 

during the operation of the stove appliance under warm-start conditions. The 

average emission factor was found to be 0.81±0.14 g/kgfuel, 0.63±0.36 g/kgfuel and 

0.12±0.06 g/kgfuel for WS-1ave, WS-2ave and WS-3ave respectively. Subsequently, 

the average CH2O emission is shown to increase by a factor of 2.20, 2.83 and 

14.83 for WS-1ave, WS-2ave and WS-3ave respectively. The most significant 

difference is observed during WS-3ave when the maximum combustion 

temperature is observed suggesting a more complete burnout of gaseous 

pollutants. A similar trend is observed for the formation of C2H4O2 whereby 
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increased combustion temperatures observed during warm-start operation 

correspond with a reduction in emissions. The emission of C2H4O2 was shown to be 

3.35±3.72 g/kgfuel during cold-start operation with warm-start conditions resulting in 

the formation of 0.88±0.14 g/kgfuel, 0.88±0.14 g/kgfuel and 0.03±0.01 g/kgfuel for WS-

1ave, WS-2ave and WS-3ave respectively. The average emission during warm-start 

operation was found to be 0.50±0.40 g/kgfuel therefore suggesting an increase by a 

factor of 6.70 during cold-start operation. Some variation is observed in SO2 and 

NOx emissions during cold-start and warm-start operation. The emission of these 

species is shown to increase by a factor of 1.37 and 1.24 during cold-start operation 

of SO2 and NOx respectively. In response to the generally linear relationship 

between the elemental sulphur and nitrogen composition and the SO2 and NOx 

emittance it stands to reason that the variance should be small (Glarborg et al., 

2003; Koppejan and van Loo, 2008; Sommersacher et al., 2012). The minor 

variation observed between the methods of operation is likely in response to the 

presence of firelighter and kindling material within the firebox during the initial start-

up. Furthermore, in response to reduced combustion temperatures and an 

increased residence time due to a slowed flue gas velocity, the O2 availability within 

the combustion zone is shown to be higher during cold-start operation (Table 7.2). 

As such, an increase in SO2 and NOx formation may occur in response to excess 

air conditions within the combustion zone resulting in an increased O2 availability 

(Glarborg et al., 2003; ANSYS FLUENT, 2009).   
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Table 7.4  Emission factor scaling values for Cold-Start and Warm-Start stove 
operation. WS-Average is the average Warm-Start emission factor values for 
WS-1, WS-2 and WS-3 observed during Series One, Series Two and Series 

Three. Scaling factor values are calculated as the ratio of Cold-Start and 
Warm-Start emission factor values. 

Pollutant 

Species 

WS-1 Ave. 

(EFCS/EFWS-1) 

WS-1 Ave. 

(EFCS/EFWS-2) 

WS-1 Ave. 

(EFCS/EFWS-3) 

WS-1 Ave. 

(EFCS/EFWS-Ave.) 

CO 1.52 1.19 1.58 1.42 

SO2 1.49 1.15 1.49 1.37 

NOx 1.30 1.17 1.24 1.24 

CH4 2.83 2.00 7.44 3.01 

C2H6 3.62 4.27 188.00 5.37 

C2H4 2.13 3.04 5.00 2.83 

C3H8 2.28 2.02 4.24 2.54 

C6H14 4.63 6.17 24.67 6.73 

C2H2 1.90 3.47 2.95 2.46 

C6H6 2.35 2.95 6.05 3.06 

THC 2.69 2.64 7.28 3.26 

CH2O 2.20 2.83 14.83 3.18 

C2H4O2 3.81 8.17 111.67 6.70 

 

Gaseous emissions are shown to be higher during cold-start operation and lower 

during warm-start operation. A similar process is presented within the literature 

whereby a reduction in the combustion temperature under cold-start operation 

corresponds with an increase in gaseous emission formation. Ozgen et al. (2013) 

identifies an increase in CO and organic gaseous carbon (OGC) species under 

cold-start conditions by a factor of 1.5 and 3.2 respectively with higher emissions 

also presented across all phases of combustion. For example, during the 

combustion of beech fuelwood within a closed-fireplace appliance, the emission of 

OGC is reported to be 8.8x103 mg/kg, 3.1x103 mg/kg and 4.7x103 mg/kg during 

ignition, flaming combustion and smouldering under warm-start operation. The 

equivalent emission under cold-start operation was shown to be 1.9x104 mg/kg, 

7.2x103 mg/kg and 2.7x104 mg/kg. Such processes occur in response to inhibited 

combustion temperature whereby an average flue gas temperature of 211 ºC was 

reported under cold-start operation and 279 ºC under warm-start operation. Figure 

7.10 presents similar findings whereby an increase in the combustion temperature, 

generally observed under warm-start operation, results in a reduction in gaseous 

emission formation. The figure presents the gaseous emission formation observed 

during cold-start and warm-start combustion for beech fuelwood logs and biomass 
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briquettes (Chapter 8). The method of ignition differs between combustion 

experiments where BB (●) represents biomass briquettes ignited using ZipTM 

Firelighter only, BL+BB (■) represents beech logs ignited using a mixture of ZipTM 

Firelighters and biomass briquettes, and BL+K (▲) represents beech logs ignited 

using a mixture of ZipTM Firelighter and pinewood kindling. A negative correlation is 

presented between combustion temperature and pollutant species CO, CH4, C6H6 

and CH2O where an R2 value of 0.52, 0.67, 0.70 and 0.69 is reported respectively. 

Similar to the findings presented in Ozgen et al. (2013), an increase in the 

combustion temperature during warm-start operation corresponds with a reduction 

in gaseous pollutant emissions. In all cases pollutant emissions where highest 

during cold-start operation. CO formation during BB combustion testing was shown 

to increase by a factor of 1.43-2.00 during cold-start operation. Similarly, BL+BB 

and BL+K present an increase by a factor of 1.52-1.55 and 1.09-2.46 respectively. 

CH4 is shown to increase by a factor of 3.51-3.78, 2.96-3.97 and 1.05-7.66 for BB, 

BL+BB and BL+K under cold-start operation respectively. C6H6 is shown to 

increase by a factor of 4.45-5.66, 3.30-4.48 and 1.92-3.85 for BB, BL+BB and BL+K 

under cold-start operation respectively. CH2O is shown to increase by a factor of 

8.32-12.01, 3.03-5.32 and 1.70-4.37 for BB, BL+BB and BL+K under cold-start 

operation respectively.     

Analysis of the Pearson’s Correlation Coefficient (r) between combustion 

temperature and pollutant species formation shows a negative and statistically 

significant correlation whereby an increase in temperature leads to a reduction in 

emissions. Pearson’s correlation analysis indicates a coefficient of -0.675, -0.844, -

0.819 and -0.817 for CO, CH4, C6H6 and CH2O respectively. The correlation of 

gaseous pollutant species formation and combustion temperature is shown to be 

statistically significant to a level of P = <0.01.                   
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Figure 7.10  Variation in emission factor values (g/kgfuel) and combustion 
temperature (ºC) during cold-start and warm-start stove operation. 

Temperature is represented by the flue gas temperature (ºC). BB is biomass 
briquettes, BL is beech logs and K is kindling. 
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7.4.5  Variation in Particulate Emissions under Cold-Start and 

Warm-Start Conditions 

Total particulate emission (PMt) sampling was undertaken via impaction with size 

separation as per the specific gravity of aerosol constituents. In accordance with BS 

EN 13240, the current legislative limits of PMt emissions within smoke control areas 

is 5.5 g/kgfuel. PMt emission limits are proposed to be 55% lower than current 

standards following the implementation of Ecodesign 2022. Under the new 

legislation PMt emission limits are limited to 2.4 g/kgfuel. Soot emission factors were 

found to vary during stove operation under cold-start and warm-start conditions with 

the former being higher by a factor of 2.1 Emission factors for each of the test 

batches are presented in Table 7.5. The emission of PMt is shown to be within the 

range of 2.63 g/kgfuel and 9.99 g/kgfuel during cold-start operation and between 1.83 

g/kgfuel and 3.20 g/kgfuel during warm-start operation. The highest PMt formation 

(9.99 g/kgfuel) is observed during cold-start operation where the lowest combustion 

temperature is observed (205 ºC). The average emission factors are shown to be 

5.2±4.1 g/kgfuel and 2.5±0.5 g/kgfuel for cold-start and warm-start operation 

respectively. PMt under cold-start operation presents the greatest error with a 

standard deviation of 4.1 g/kgfuel in contrast to the lower deviation of 0.5 g/kgfuel 

observed during warm-start conditions. PMt formation is shown to reduce with each 

batch of fuel applied during warm-start operation. The average formation during 

WS-1 is 2.5±0.5 g/kgfuel and the average formation during WS-2 operation is 

2.2±0.4 g/kgfuel. WS-3 operation indicates an increase in PMt formation (2.83±0.5 

g/kgfuel) likely in response to the presence of non-combusted particles remaining 

upon the grate from previous batches. In addition, an increase in the combustion 

temperature during the final batch of operation may result in an increase in velocity 

thereby reducing retention time within the combustion zone and promoting 

incomplete combustion.   

Similar findings are presented within the literature where cold-start operation 

generally observes increased particulate loading under lower combustion 

temperatures (Nussbaumer et al., 2008; Gonçalves et al., 2011). Nussbaumer et al. 

(2008) identifies higher PM loading during cold-start operation with a subsequent 

reduction during the development of nominal warm-start operation. PM2.5 emission 

have been reported within the range of 5.62 g/kgfuel and 25.8 g/kgfuel during cold-

start operation and between 1.66 g/kgfuel and 16.0 g/kgfuel during warm-start 

operation for woodstove appliances (Gonçalves et al., 2011). Similarly, PM2.5 

emission has been reported within the range of 8.11 g/kgfuel and 29.0 g/kgfuel during 

cold-start operation and between 0.84 g/kgfuel and 21.7 g/kgfuel during warm-start 

operation for fireplace appliances (Gonçalves et al., 2011). Hueglin et al. (1997) 
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similarly identified a higher particle number during the initial start-up phase of 

combustion testing with a reduction in the PM count by a factor of 5.6 and 2.9 

during the subsequent flaming and smouldering phases. Furthermore, Fachinger et 

al. (2017) presents emission factor values of 1.22 g/kgfuel under cold-start operation 

and 0.55 g/kgfuel under warm-start operation providing a scaling factor of 2.2. PM2.5 

formation is also likely higher throughout all phases of combustion when comparing 

cold-start and warm-start operation. Fachinger et al. (2017) presents PM2.5 

emission factor values of 0.75 g/kgfuel and 0.05 g/kgfuel under the flaming and 

smouldering phases of cold start operation in contrast to values of 0.37 g/kgfuel and 

0.02 g/kgfuel observed under warm-start conditions. Similar processes have also 

been identified during the combustion of coal (Maddalena et al., 2012) and the 

operation of cookstove appliances (Maddalena et al., 2012) however results have 

not been shown to be statistically significant when testing the latter in response to 

the small thermal mass of the appliances (Chen et al., 2016; Shen et al., 2017).   

 

Table 7.5  PMt emission factor values (g/kgfuel), mass of soot collection (mg), 
emission concentration (mg/m3) and particle size distribution (%). Emission 

concentrations are presented at 0ºC and 101.325 kPa. 

Series 
Test 

Batch 

Emission 

factor 

(g/kgfuel) 

Mass 

(mg) 

PM10> 

(%) 

PM2.5-

PM10 

(%) 

PM1-

PM2.5 

(%) 

<PM1 

(%) 

Temp. 

(°C) 

1 
CS 9.99 14.72 0.54 0.68 4.76 94.02 205 

WS-1 2.73 4.52 0.88 1.77 4.20 93.14 385 

2 

CS 3.04 4.64 0.65 1.08 7.33 90.95 273 

WS-1 1.83 2.79 0.72 1.08 5.38 92.83 319 

WS-2 1.88 3.07 0.33 1.30 6.19 92.18 300 

WS-3 2.46 3.96 0.25 2.02 5.81 91.92 373 

3 

CS 2.63 4.34 0.46 3.23 8.06 88.25 272 

WS-1 2.81 3.99 1.25 0.50 5.51 92.73 342 

WS-2 2.45 4.02 0.75 1.24 6.72 91.29 380 

WS-3 3.20 4.73 - 2.33 6.55 91.12 445 

 

Figure 7.11 presents the effects of combustion temperature on PMt (this work) and 

PM10 (Fachinger et al., 2017). A linear fit may be applied to both datasets whereby 

an increase in the combustion temperature generally corresponds with a reduction 

in PMt and PM10 formation. In addition, cold-start operation, synonymous with low 

combustion temperatures, present higher particulate formation when compared with 

that observed during onset of warm-start conditions. In this work the average PMt 
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under cold-start operation was 5.2±4.1 g/kgfuel when fuel particles are combusted at 

an average temperature of 250±39 ºC. Alternatively, the average PMt under warm-

start operation was 2.5±0.5 g/kgfuel when fuel particles are combusted at an average 

temperature of 363±48 ºC. Similarly, Fachinger et al. (2017) presents an average 

PM10 formation of 21.03±11.32 mg/MJ and an average combustion temperature of 

130±32 ºC under cold-start operation with an average PM10 formation of 7.73±6.09 

mg/MJ and an average combustion temperature of 224±29 ºC under warm-start 

conditions. This work presents an R2 value of 0.40 and a Pearson Correlation 

Coefficient (r) value of -0.63 when evaluating the relationship between combustion 

temperature and PMt formation. Similarly, Fachinger et al. (2017) presents an R2 

value of 0.47 and a r value of -0.69. Limited variation is presented in the particle 

size distribution for soot samples collected during cold-start and warm-start 

operation.           

PMt formation occurs in response to the incomplete combustion of volatile 

hydrocarbon compounds during the pyrolysis reaction. During devolatalisation 

hydrocarbon species are liberated within the combustion zone under heating. Such 

processes occur in response to low temperatures within the combustion zone. 

Hydrocarbon fragments undergo a complex reaction of cracking and accumulation 

resulting in the formation of aromatic rings in the form of PAH (Obaidullah et al., 

2018). The growth of PAH rings in response to low combustion temperature, and 

other factors, results in the formation of soot particles. Soot formation therefore 

occurs when combustion temperatures are low thereby inhibiting the complete 

oxidation of particles (Vicente et al., 2015). As such, the ignition phase can be 

responsible for up to 46% of the total nanoparticle formation of a test-batch (Ozgen 

et al., 2013). The composition of PMt generated under low temperature and high 

temperature combustion is also shown to vary with the former presenting a higher 

organic carbon (OC) content and the later presenting a higher elemental carbon 

(EC) content (Bond et al., 2004; Gonçalves et al., 2011; Mitchell et al., 2016; 

Obaidullah et al., 2018). In addition, the variation in temperature dependent PMt 

composition is shown to effect cytotoxicity thereby relating to human health (Bølling 

et al., 2012). Prakash and Murray (1972) present limited variation in PMt formation 

between 454 ºC and 537 ºC with a noticeable reduction during high temperature 

combustion when the reaction temperature exceeded 593 ºC. Vicente et al. (2015) 

also suggests significantly higher PMt emissions can occur during low temperature 

combustion particularly during cold-start operation. The level of PMt formation 

during cold-start operation is shown to vary depending upon fuelwood moisture 

content, particle size and material density (Koppmann et al., 2005; Vicente et al., 

2015). Alternatively, PMt has been shown to increase at high combustion 

temperatures (Venkataraman et al., 2004) likely in response to limitations in stove 
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design resulting in a limited O2 availability and retention time under a higher burning 

rate.  

 

Figure 7.11  The effect of combustion temperature on particle formation. 
Temperature is presented as the average flue gas temperature (ºC). PMt 

emission factors for this study are presented in g/kgfuel. PM10 from (Fachinger 
et al., 2017) is presented in mg/MJ. From Fachinger et al. the fuelwood is 

presented as; Apple (1), Ash (2), Bangkirai (3), Birch (4), Beech (5), Cherry 
(6), Hickory (7), Oak (8), Plum (9), Spruce (10) and Spruce and Fir mixture 

(11). Blue and Red numeration identifies cold-start and warm-start operation 
respectively. The fuelwood is combusted in a contemporary high efficiency log 

burning appliance.      

7.4.6  Effect of Cold-Start Inclusion on Results Repeatability and 

Emission Limit Criteria  

As previously suggested, the testing of domestic heating appliances under 

standardised method conditions requires the stove device to be heated to a nominal 

operating condition prior to the start of the testing sequence. The onset of warm-

start operation requires stove conditioning through the application of a cold-start 

batch(s). This results in official test types generally presenting combustion values 

that are not representative of real-world domestic application (Houck et al., 2008; 
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Reichert and Schmidl, 2018) given that increased smoke formation is generally 

observed during cold-start operation in response to lower combustion temperatures 

(Fachinger et al., 2017). In addition, cold-start data is often negated from emission 

factor indexes given the high degree of variability associated with stove operation at 

lower temperatures. The inclusion of cold-start data can therefore result in poor 

repeatability and a high degree of error (Fachinger et al., 2017). Given the high 

degree of inherent variability generally associated with biomass combustion the 

inclusion of cold-start data is known to cause problems when drawing statistically 

significant conclusions (McCrillis et al., 1992).   

Figure 7.12 presents the variation in the emission factor sample population 

including only warm-start (WS) data and when the cold-start (CS) data is included. 

The associated error is calculated as ±1 standard deviation (σ) of the numerical 

mean (x̄). Population variance is measured as the predicted value of the squared 

deviation from the numerical mean (σ2). The analysis of WS data only is 

representative of methods followed in accordance with BS EN 13240:2001 + A2: 

2004 while inventory data including both CS and WS data is more likely to 

representative real-world operating practices. The following findings have been 

identified for PMt, CO, CH4 and THC pollutant species. 

i. Average PMt emission observed during warm-start operation only was 

found to be 2.5±0.5 g/kgfuel. The inclusion of the cold-start emission 

values results in a higher PMt emission factor value of 3.3±2.4 g/kgfuel. 

As such, the average PMt emission factor value is shown to increase by 

27.6% following the inclusion of cold-start emission data. PMt emission 

factor values derived from warm-start operation only are reported within 

the range of 1.8 g/kgfuel and 2.73 g/kgfuel. The inclusion of cold-start 

emission factor values within the inventory results in a wider distribution 

of values within the range of 1.83 g/kgfuel and 9.99 g/kgfuel. The 

distribution of the PMt within the inventory containing only warm-start 

data small (σ = 0.5 g/kgfuel) in contrast to inventory data including both 

cold-start and warm-start data (σ = 2.4 g/kgfuel). Similarly, the population 

variance is found to be small (σ2 = 0.24 g/kgfuel
2) when only warm-start 

data is included within the inventory and larger (σ2 = 5.72 g/kgfuel
2) when 

both cold-start and warm-start data are considered.  

ii. Average CO emission observed during warm-start operation only was 

found to be 54.11±10.28 g/kgfuel. The inclusion of the cold-start emission 

values within the emission inventory results in a higher CO emission 

factor value of 60.95±17.69 g/kgfuel. As such, the average CO emission 

factor value is shown to increase by 12.6% following the inclusion of 
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cold-start emission data. CO emission factor values derived from warm-

start operation only are reported within the range of 42.15 g/kgfuel and 

74.67 g/kgfuel. The inclusion of cold-start emission factor values within 

the inventory results in a wider distribution of values within the range of 

42.15 g/kgfuel and 103.85 g/kgfuel. The distribution of the CO within the 

inventory containing only warm-start data small (σ = 10.28 g/kgfuel) in 

contrast to inventory data including both cold-start and warm-start data 

(σ = 17.69 g/kgfuel). Similarly, the population variance is found to be 

small (σ2 = 90.65 g/kgfuel
2) when only warm-start data is included within 

the inventory and larger (σ2 = 281.53 g/kgfuel
2) when both cold-start and 

warm-start data are considered.     

iii. Average CH4 emission observed during warm-start operation only was 

found to be 1.41±0.91 g/kgfuel. The inclusion of the cold-start emission 

values within the emission inventory results in a higher CH4 emission 

factor value of 2.26±2.39 g/kgfuel. As such, the average CH4 emission 

factor value is shown to increase by 60.3% following the inclusion of 

cold-start emission data. CH4 emission factor values derived from warm-

start operation only are reported within the range of 0.44 g/kgfuel and 

3.14 g/kgfuel. The inclusion of cold-start emission factor values within the 

inventory results in a wider distribution of values within the range of 0.44 

g/kgfuel and 8.70 g/kgfuel. The distribution of the CH4 within the inventory 

containing only warm-start data small (σ = 0.91 g/kgfuel) in contrast to 

inventory data including both cold-start and warm-start data (σ = 2.39 

g/kgfuel). Similarly, the population variance is found to be small (σ2 = 0.72 

g/kgfuel
2) when only warm-start data is included within the inventory and 

larger (σ2 = 5.16 g/kgfuel
2) when both cold-start and warm-start data are 

considered.      

iv. Average THC emission observed during warm-start operation only was 

found to be 3.60±1.80 g/kgfuel. The inclusion of the cold-start emission 

values within the emission inventory results in a higher THC emission 

factor value of 6.03±5.91 g/kgfuel. As such, the average THC emission 

factor value is shown to increase by 67.5% following the inclusion of 

cold-start emission data. THC emission factor values derived from 

warm-start operation only are reported within the range of 1.25 g/kgfuel 

and 6.42 g/kgfuel. The inclusion of cold-start emission factor values within 

the inventory results in a wider distribution of values within the range of 

1.25 g/kgfuel and 21.92 g/kgfuel. The distribution of the THC within the 

inventory containing only warm-start data small (σ = 1.80 g/kgfuel) in 

contrast to inventory data including both cold-start and warm-start data 
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(σ = 5.91 g/kgfuel). Similarly, the population variance is found to be small 

(σ2 = 2.79 g/kgfuel
2) when only warm-start data is included within the 

inventory and larger (σ2 = 31.44 g/kgfuel
2) when both cold-start and 

warm-start data are considered.          
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Figure 7.12  Effect of cold-start data inclusion on the distribution of emission factor 
values and the quantified error. Error is presented as ±1 standard deviation of 

the numerical mean. 
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A non-parametric Mann-Whitney U test is applied as a method of quantifying the 

significance of variation between both inventories at a statistical level. The Mann-

Whitney U statistic indicates that the inventory including only warm-start data and 

inventory including both cold-start and warm-start data are not statistically different 

(ρ = 0.05>). PMt, CO, CH4 and THC present a ρ value of 0.669, 0.417, 0.475 and 

0.364 respectively. Such findings are likely in response to relatively low emission 

factor value observed during cold-start operation in Series One and Series Two with 

high emission factor values identified in the warm-start operation of Series Two. As 

such, the inherent variability in biomass combustion makes the statistical 

assessment of variance difficult (McCrillis et al., 1992).       

7.4.7  Effect of Cold-Start Emission Data on Ecodesign Limits 

Combustion emission limits have been identified in new Ecodesign 2022 for PMt, 

CO, organic gaseous carbon (OGC), which is identified as THC in this work, and 

NOx. An emission limit of 2.4-5.0 g/kgfuel is established for PMt. A large range in PMt 

emission limits is presented in response to the different methods of PM sampling 

under standardised conditions. Emission limits are set at 996 g/GJ, 80 g/GJ and 

113 g/GJ for CO, THC and NOx (Mitchell, Phillips, et al., 2019). These values have 

been converted from g/GJ too g/kgfuel using a HHV value of 18.46 MJ/kg for beech 

logs as identified in (Phyllis2, 2020). Pollutant emission formation is known to be 

higher during the operation of stove appliances under cold-start conditions 

(Fachinger et al., 2017). Combustion testing under standard operational practices 

negate the presence of cold-start emissions with only nominal operating conditions 

contributing into the formation of emission factor values (Houck et al., 2008). Table 

7.6 presents the emission limits as identified under Ecodesign 2022 standards, the 

average emission factor value derived from warm-start operation only and the 

average emission factor value derived from both cold-start and warm-start 

operation.  

Average PMt emission during both warm-start testing (2.48±0.5 g/kgfuel) and 

combustion testing that included both cold-start and warm-start operation (3.30±2.4 

g/kgfuel) is shown to exceed the limit outlined in Ecodesign regulation (2.4 g/kgfuel). 

Previous testing has identified PMt emission values which exceed the limit 

recommendations using the same stove appliance meaning that formation is likely 

in response to stove design, fuel properties and user behaviour (Maxwell et al., 

2020). Similarly, NOx is identified below the emission threshold and shown to be 

similar during cold-start and warm-start operation likely in response to the 

mechanism of formation previously discussed. Biomass combustion has been 

shown to generally produce NOx at levels below that of the Ecodesign threshold 
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(Bäfver et al., 2011; Du et al., 2017) with examples of exceedances generally 

associated with the combustion of higher fuel-nitrogen materials (Mitchell et al., 

2016). As such, NOx formation is more associated with the fuel properties than the 

stove design or operating practices. CO is shown to be higher for the emission 

inventory including both cold-start and warm-start results. This is likely in response 

to the increase in smouldering combustion observed under lower combustion 

temperatures during cold-start operation (Vicente et al., 2015). Both inventories are 

shown to exceed the emission limits identified under Ecodesign 2022 legislation. 

Similarly, THC is shown to be higher during cold-start operation in response to 

lower combustion temperatures resulting in the incomplete combustion of pyrolysis 

derived hydrocarbon species (Tissari et al., 2008; Vicente et al., 2015). Average 

THC emission factor values derived from warm-start only as well as values derived 

from both cold-start and warm-start operation are shown to exceed the Ecodesign 

2022 limits. 

 

Table 7.6  Comparison of emission factor values (g/kgfuel) selected from warm-start 
only data and a complete inventory including both cold-start and warm-start 
data. Data is also compared against emission limits stipulated in Ecodesign 

2022 (Mitchell, Phillips, et al., 2019). 

Pollutant Species Ecodesign 2022 Limit 

(g/kgfuel) 

WS  

(g/kgfuel) 

CS + WS 

(g/kgfuel) 

PMt 2.4 2.48 3.30 

CO 18.4 54.1 61.0 

OGC (THC) 1.48 3.6 6.0 

NOx (NO + 10%) 2.5 1.1 1.2 

 

Average emission factor values in contemporary indexes are expected to reduce in 

response to an improvement in combustion appliance design following the 

implementation of Ecodesign 2022 (Savolahti et al., 2019). Such processes would 

increase the relative number of low emission appliances currently in use within the 

UK resulting in air quality benefits (Mitchell, Phillips, et al., 2019). The stove 

appliance used within this study in a Waterford Stanley Oisin multifuel stove 

maintaining a heat output of 5.7 kW and an efficiency of 79%. The appliance is 

HETAS approved however it is not a DEFRA approved appliance and is not except 

from use in smoke control areas under the Clean Air Act. The appliance maintains a 

cast-iron structure incorporating a high thermal mass and a single primary air 

supply. Ecodesign appliances are likely to include secondary and tertiary are 

supplies designed to ensure more complete burnout of combustion products 
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thereby resulting in a higher efficiency. The principal design of the Oisin appliance, 

specifically the limited air supply, results in limitations in air and fuel mixing resulting 

in the incomplete combustion (Sun et al., 2018). Exceedances in both CO and OGC 

is likely in response to such processes. Previous work has identified the effect of 

improved air supply and the application of two-stage combustion appliances on 

increased efficiency and reduced emissions (MacCarty et al., 2010; Nussbaumer et 

al., 2008; Sun et al., 2018). 

7.4.8  Emission Formation Using Different Firelighter Materials 

Emissions generated during the ignition phase and cold-start operation are shown 

to be a primary source of total gaseous and particulate pollutants (Fachinger et al., 

2017; Nussbaumer et al., 2008; Ozgen et al., 2013). Previous works have also 

explored the effect of different methods of start-up on pollutant formation and stove 

performance (Nussbaumer et al., 2008; G. Reichert et al., 2017; Vicente et al., 

2015). A variety of start-up aids are commonly used during the ignition of kindling 

piles within a stove. A variety of firelighter materials are currently available and vary 

in physiochemical composition. Combustion analysis was undertaken to assess the 

effect of ignition aid design and composition during the kindling phase of stove 

operation. ZipTM [High Performance] is an example of a HETAS approved 

petroleum-based firelighter material primarily incorporating kerosene as an ignition 

aid. This type of ignition material is commonly used during the ignition, kindling and 

cold-start operation during stove testing (Maxwell et al., 2020; Mitchell, Ting, et al., 

2019; Price-Allison et al., 2018; Ting et al., 2018). If You CareTM is an example of a 

natural ignition aid material consisting of FCS approved and responsibly forested 

wood with natural vegetable oil. The firelighter is USDA approved as a natural and 

biobased material. 

7.4.8.1 Effect of Firelighter Composition on Emissions and Start-up 

Performance  

Variation in combustion conditions is shown to be limited between natural (If You 

CareTM) and kerosene (ZIPTM) firelighter materials. The average burning rate 

observed during the combustion reaction was 1.03±0.06 kg/hour for If You CareTM 

and 0.91±0.04 kg/hour for ZipTM. In addition, If You CareTM and ZipTM present an 

average conversion rate within the range of 0.96-1.08 kg/hour and 0.88-0.95 

kg/hour respectively. Similarity in the burning rate is present in response to limited 

variation in combustion temperature between the fuel materials. The average flue 

gas and flame temperature during the combustion of natural firelighter material with 

kindling was 206±8 ºC and 257±17 ºC respectively. Average combustion 
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temperatures were found to be similar during the combustion of kerosene firelighter 

material with kindling in both the flue gas (187±7 ºC) and the flame (226±26 ºC).  

Figure 7.13 presents variation in gaseous pollutant concentration during the 

combustion reaction. In response to similarities in the burning rate and combustion 

temperature the emission concentration trends (mg/m3), and emission factor values 

(g/kgfuel) are shown to be similar. Trends in CO, organic compounds and 

hydrocarbon species are shown to correspond with change in the combustion 

temperature across the duration of the reaction. For example, CO is shown to 

increase with a reduction in temperature with a maximum observed at lower 

temperatures during char burnout. The average CO formation is shown to be higher 

during natural firelighter combustion with an emission factor of 64.03±0.89 g/kgfuel. 

CO formation during kerosene combustion is generally lower with an average value 

of 58.69±6.00 g/kgfuel however individual batches are found within the range 

presented during natural firelighter testing. Organic (CH2O) and hydrocarbon (CH4) 

concentration trends are shown to increase during the pyrolysis phase during the 

devolatalisation of the kindling particles. In both cases the concentration is shown to 

reach a maximum during the onset of the smouldering phase followed by a decline 

in formation during burnout. There is not significant difference presented during the 

start-up phase signifying similarities in emission between both firelighter materials. 

In addition, average emission factor values are shown to be similar for both fuels. If 

You CareTM firelighter material presents emission factor values within the range of 

0.69-1.06 g/kgfuel and 0.96-1.72 g/kgfuel for CH2O and CH4 respectively. Similarly, 

ZipTM firelighter material presents emission factor values within the range of 0.87-

1.12 g/kgfuel and 1.05-1.56 g/kgfuel for CH2O and CH4 respectively.    

 

 

 

 

 

 

 

 

 

 



- 292 - 

Figure 7.13  Variation in gaseous pollutant concentration (mg/m3) and emission 
factor (g/kgfuel) between natural firelighter and kerosene firelighter materials. ♦ 

represent emission factor values for each test undertaken.   
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7.4.8.2 Statistical Variation in Emission Formation from Different 

Firelighter Materials  

Table 7.7 presents variation in average combustion conditions (burning rate, flue 

gas temperature and flame temperature), gaseous pollutant emissions and PMt for 

kindling ignited via natural and kerosene-based firelighter materials. A scaling factor 

is applied to identify similarities in the average condition or emission factor value. 

Scaling values within the range of 0.9 and 1.1 are identified a minor and are likely in 

response to the inherent variability of biomass combustion in small domestic 

appliances. The scaling value is calculated as a ratio of natural firelighter/kerosene 

firelighter values. The average PMt is shown to be similar for both methods of 

ignition. PMt is identified within the range of 3.55-7.97 g/kgfuel and 4.54-5.69 g/kgfuel 

for kindling batches ignited via natural and kerosene-based firelighters respectively. 

Emission factor values observed at the top of the range during natural firelighter 

combustion are not in response to loss of temperature or increase in burning rate 

and is likely the result of natural variance in fuel pile combustion. Emission factor 

values for CH4, C2H6, C2H4, C3H8, C2H2 and C6H6 are shown to be similar. In 

addition, THC is found to be similar during both combustion reactions. THC is 

identified within the range of 4.97-7.88 g/kgfuel and 5.96-7.67 g/kgfuel for kindling 

batches ignited via natural and kerosene-based firelighters respectively. C2H4O2 

presents a high scaling value however emissions factor values are identified at 

trace levels only for both fuels.   

C6H14 is shown to be significantly higher during the combustion of kindling ignited 

via kerosene-based material. This is likely in response to the presence of complex 

hydrocarbon inclusions within the kerosene matrix with naphthalene, benzene and 

n-hexane formations often associated (Lam et al., 2012). NOx formation is shown to 

vary between test fuels with emission factor values presented within the range of 

1.79-2.10 g/kgfuel and 0.56-0.66 g/kgfuel for natural and kerosene firelighter materials 

respectively. Combustion temperature is shown to be similar and relatively low for 

both fuel types indicating the fuel NOx mechanism as the primary route of NOx 

formation (Bugge et al., 2014; Glarborg et al., 2003; Koppejan & Loo, 2008). 
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Table 7.7  Variation in combustion conditions and emissions during the combustion 
of natural firelighter and kerosene firelighter materials within kindling. 

Fuel Natural Firelighter 

(If You CareTM) 

Kerosene Firelighter 

(ZIPTM) 

Scaling factor 

(Natural/Kerosene) 

Burning Rate (kg/hour) 1.03±0.06 0.91±0.04 1.1 

Flue Temperature (ºC) 206±8 187±7 1.1 

Flame Temperature (ºC) 257±17 226±26 1.1 

MCE 0.94±00 0.94±0.01 1.0 

CO (g/kgfuel) 64.03±0.89 58.69±6 1.1 

SO2 1.14±0.05 1.19±0.02 0.96 

NOx 0.62±0.05 1.98±0.17 0.31 

CH4 2.32±0.27 2.19±0.18 1.06 

C2H6 0.69±0.24 0.77±0.03 0.90 

C2H4 0.66±0.16 0.63±0.07 1.00 

C3H8 0.35±0.13 0.35±0.10 1.00 

C6H14 0.47±0.12 1.14±0.20 0.41 

C2H2 0.47±0.22 0.39±0.10 1.21 

C6H6 1.28±0.39 1.36±0.28 0.94 

THC 6.23±1.54 6.82±0.96 0.91 

CH2O 0.89±0.19 1.01±0.13 0.88 

C2H4O2 0.07±0.09 0.05±0.03 1.40 

PMt 5.17±2.44 5.23±0.61 1.00 

 

Combustion conditions are shown to be similar following the use of natural and 

kerosene-based firelighter materials during ignition. In response to similarities in the 

combustion conditions the emission of smoke and specific gaseous pollutant 

species is also shown to be similar. The following conclusions may therefore be 

presented in response to the described similarities with regards to combustion 

performance and emission formation. 

i. The use of natural firelighter material comprising biogenic substances 

and vegetable oil as an ignition aid presents combustion conditions 

similar to that of kerosene-based firelighter materials. The ignition of a 

kindling pile is shown to be indifferent during the application of both 

combustion materials. As such, the selection of firelighter materials is 

not of significant importance during the ignition and a cold-start batch. 

This presents significance for both residential stove use and commercial 

testing application where the use of different firelighter materials does 

not vary the performance of the combustion appliance.  
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ii. The start-up process is shown to be similar for both natural and 

kerosene-based firelighter materials. The capacity for igniting the 

kindling pile is also shown to be similar. Given the differences in 

structural and chemical composition of vegetable oil and kerosene it is 

likely that variation in emission formation is likely. Where differences in 

emission is expected the similarities in pollutant formation may be in 

response to a masking effect associated with the combustion of the 

kindling pile. As such, the emissions generated during the combustion of 

the firelighter materials are relatively small to that observed during the 

simultaneous combustion of the kindling. If so, the use of different 

firelighter materials for reducing emissions is again nullified given that 

the majority of emissions observed during start-up originate from the 

combustion of biomass on the grate.    

iii. The use of different firelighter materials is shown to present only a minor 

effect on the total start-up emission with the majority of pollutant 

formation occurring in response to kindling combustion. Therefore, the 

use of different ignition aids does not affect the performance of the 

appliance or inhibit the formation of pollutant species. 

iv. Other processes associated with the start-up operation present a much 

more significant impact on the cold-start performance of the appliance. 

Factors such as fuelwood moisture content (Price-Allison et al., 2018), 

fuel placement and orientation of ignition (Vicente et al., 2015), fuel 

properties (Mitchell et al., 2016) and user behaviour (Fachinger et al., 

2017) are much more likely to affect the performance of the appliance 

than the type of ignition material. 

7.5  Conclusions   

A study was undertaken to investigate the effect of cold-start operation on gaseous 

and particulate pollutant formation from a small fixed-bed residential heating stove. 

A series of combustion experiments where undertaken using a method based upon 

BS EN 13240. Combustion testing was principally undertaken to assess the 

variance between cold-start and warm-start operation on emissions. In addition, a 

second study assessed the effect of different firelighter materials on emissions 

during start-up. Fuels used within this study include softwood kindling and beech 

fuelwood logs maintaining a moisture content of 12.92±1.32%. Firelighter materials 

included within this study include ZipTM High Performance as an example of a 

kerosene-based ignition aid and If You CareTM as an example of a biogenic-based 

ignition aid. Gaseous emissions where monitored throughout the combustion cycle 
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via an online FTIR analyser. Size-separated soot particles where collected within a 

dilution tunnel using a gravimetric impaction device. The following conclusions have 

been made. 

i. The burning rate and combustion temperature where shown to differ 

throughout the combustion reaction. The burning rate observed under 

cold-start conditions was significantly lower than that observed when a 

nominal combustion condition was reached. The average conversion 

rate is presented as 1.29±0.31 kg/hour and 1.87±0.40 kg/hour for cold-

start and warm-start operation respectively. Similarly, the combustion 

temperature observed under cold-start conditions was lower than that 

observed under warm-start operation. The average temperature is 

shown to be 250±39 ºC and 363±48 ºC under cold-start and warm-start 

conditions respectively. The rate of fuel conversion is shown to be 

affected by the combustion temperature whereby an increase in the 

temperature results in an increase in the burning rate. Low combustion 

temperatures under cold-start conditions result in a lower burning rate. 

High combustion temperatures under warm-start operation result in a 

higher burning rate. The temperature and burning rate are also shown to 

increase with each batch of fuelwood applied to the stove appliance 

under warm-start operation.  

ii. Cold-start operation presents a relatively low average MCE (0.90±0.06) 

and a high CO average emission factor (76.91±23.35 g/kgfuel). Warm-

start operation presents a higher average MCE (0.95±0.01) and a lower 

CO average emission factor (54.11±10.28 g/kgfuel). This is in response to 

the low combustion temperatures observed under cold-start operation 

resulting in smouldering combustion. Under warm-start operation the CO 

is likely oxidised under higher combustion temperatures leading to the 

formation of CO2 and a lower MCE. Both MCE and CO formation is 

shown to be statistically correlated with combustion temperature.     

iii. NOx and SOx emission are shown to vary throughout the combustion 

cycle under both cold-start and warm-start operation likely in response to 

the devolatalisation of the fuel nitrogen content. Both NOx and SOx 

emission factor values presented on a complete batch-basis are 

relatively unaffected by cold-start and warm-start operation with small 

variance likely in response to the combustion of firelighter material and 

kindling during initial start-up.   

iv. Formaldehyde (CH2O) and Acetic acid emission (C2H4O2) is shown to 

vary dependent upon mode of operation. The average emission factor of 

CH2O was 1.78±1.31 g/kgfuel under cold-start operation and 0.56±0.35 
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g/kgfuel under warm-start operation. Similarly, the average emission 

factor of C2H4O2 was 3.35±3.72 under cold-start operation and 

0.50±0.40 under warm-start operation. Cold-start operation resulted in 

an increase in the formation of CH2O and C2H4O2 by a factor of 3.2 and 

6.7 respectively. In both cases, an increase in the combustion 

temperature observed under warm-start operation results in a reduction 

in emission.  

v. Hydrocarbon species formation is shown to vary under cold-start and 

warm-start conditions. Methane (CH4) and Benzene (C6H6) are found to 

be the most prevalent hydrocarbon species under both conditions. The 

average emission factor of CH4 was 4.24±3.86 g/kgfuel under cold-start 

conditions and 1.41±0.91 g/kgfuel under warm-start conditions. Similarly, 

the average emission factor of C6H6 was 2.54±1.57 g/kgfuel under cold-

start conditions and 0.83±0.37 g/kgfuel under warm-start conditions. Cold-

start operation resulted in an increase in the formation of CH2O and 

C2H4O2 by a factor of 3.0 and 3.0 respectively. Total hydrocarbon (THC) 

formation was found to vary throughout the combustion cycle during 

both cold-start and warm-start conditions. Generally, formation was 

shown to peak following initial reloading in response to the pyrolysis of 

fuelwood particle under flameless conditions prior to ignition and during 

periods where the combustion temperature was low. The average 

emission of THC was found to be 11.72±8.84 g/kgfuel and 3.60±1.80 

g/kgfuel under cold-start and warm-start conditions respectively. As such, 

cold-start operation resulted in an increase in the formation of THC by a 

factor of 3.3. Hydrocarbon formation is also shown to be controlled by 

the combustion temperature. Low temperatures observed during cold-

start operation result in a high emission factor value while higher 

temperatures observed during warm-start operation result in a lower 

emission factor value.  

vi. Total particulate emission (PMt) was shown to vary during cold-start and 

warm-start operation. The emission of PMt is shown to be within the 

range of 3.04 g/kgfuel and 9.99 g/kgfuel during cold-start operation and 

between 1.83 g/kgfuel and 3.20 g/kgfuel during warm-start operation. The 

average PMt emission under cold-start operation was 5.2±4.1 g/kgfuel 

when fuel particles are combusted at an average temperature of 250±39 

ºC. Alternatively, the average PMt emission under warm-start operation 

was 2.48±0.5 g/kgfuel when fuel particles are combusted at an average 

temperature of 363±48 ºC. The emission of PMt appears to be controlled 

by the combustion temperature. Relatively low combustion temperatures 
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observed under cold-start operation results in high PMt formation. 

Following the addition of subsequent test batches under warm-start 

conditions the formation of PMt is generally shown to reduce.  

vii. High emission factor values are also observed under warm-start 

conditions in response to inhibited combustion processes. The average 

combustion temperature observed during the cold-start phase of Series 

Two was 273.1ºC while the average temperature observed during WS-2 

of the series was 300.3ºC. This value is lower than that observed during 

other warm-start batches within the series where the average 

combustion temperature during WS-1 and WS-3 was 318.9ºC and 

372.8ºC respectively. Such processes occur in response to the dynamic 

nature of biomass combustion in small residential heating appliances 

contributing in a high degree of error. Lower temperatures observed 

under WS-2 resulted in higher gaseous emissions than what was 

observed under cold-start operation. Though anomalous results such as 

this may occur under nominal operating conditions it is likely that this 

process is commonly associated with warm-start operation and the 

application of combustion analysis in triplicate effectively masks such 

results. Notwithstanding, such processes should be considered when 

attributing emission factor values for new stove appliances and fuels.  

viii. When testing stove appliances in accordance with BS EN 13240:2001 or 

other standardised conditions the cold-start results are often negated. 

Under such conditions the cold-start operational phase is designed to 

ensure nominal stove conditioning only with the results not contributing 

to emission inventory datasets. Such processes are often undertaken in 

order to attain repeatable results and reduce the high degree of 

variability in stove performance and emission formation generally 

observed under cold-start operation. Domestic stove use must include 

cold-start operation and may contribute a significant fraction of the total 

emissions produced meaning that such results should be considered in 

order to reproduce applicable values. Emission factor values where 

shown to be higher during cold-start operation in response to the lower 

efficiency and combustion temperature. Two inventories are therefore 

developed. In the first, only emission factor values generated under 

warm-start operation and in the second, emission factor values 

generated under both cold-start and warm-start operation. The inclusion 

of cold-start results leads to the formation of higher average emission 

factor values within the inventory including total stove use: 
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• Average PMt emission observed during warm-start operation only 

was found to be 2.48±0.5 g/kgfuel. The inclusion of the cold-start 

emission values results in a higher PMt emission factor value of 

3.30±2.4 g/kgfuel. As such, the average PMt emission factor value is 

shown to increase by 28.4% following the inclusion of cold-start 

emission data. 

• Average CO emission observed during warm-start operation only 

was found to be 54.11±10.28 g/kgfuel. The inclusion of the cold-start 

emission values within the emission inventory results in a higher 

CO emission factor value of 60.95±17.69 g/kgfuel. As such, the 

average CO emission factor value is shown to increase by 12.6% 

following the inclusion of cold-start emission data. 

• Average CH4 emission observed during warm-start operation only 

was found to be 1.41±0.91 g/kgfuel. The inclusion of the cold-start 

emission values within the emission inventory results in a higher 

CH4 emission factor value of 2.26±2.39 g/kgfuel. As such, the 

average CH4 emission factor value is shown to increase by 60.3% 

following the inclusion of cold-start emission data. 

• Average THC emission observed during warm-start operation only 

was found to be 3.60±1.80 g/kgfuel. The inclusion of the cold-start 

emission values within the emission inventory results in a higher 

THC emission factor value of 6.03±5.91 g/kgfuel. As such, the 

average THC emission factor value is shown to increase by 67.5% 

following the inclusion of cold-start emission data.    

ix. The variability in emission factor values was shown to be lower in the 

inventory including only warm-start operation in response to the nominal 

stove conditioning and limited variation in performance. Alternatively, 

following the addition of cold-start results the error is shown to increase 

as the repeatability is greatly affected. A non-parametric Mann-Whitney 

U test is applied as a method of quantifying the significance of variation 

between both inventories at a statistical level. The Mann-Whitney U 

statistic indicates that the inventory including only warm-start data and 

inventory including both cold-start and warm-start data are not 

statistically different (ρ = 0.05>). 

x. NOx emission limits were found to be below the emission limits 

presented under Ecodesign 2022 legislation for residential combustion 

appliances. Emission of PMt, THC and CO were shown to be above the 

limits however this was found to be true for both inventories containing 

only warm-start data and both cold-start and warm-start data. Such 
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processes are likely in response to the limitation in the stove design. The 

stove appliance used within this study in a Waterford Stanley Oisin 

multifuel stove maintaining a heat output of 5.7 kW and an efficiency of 

79%. The appliance is HETAS approved however it is not a DEFRA 

approved appliance and is not except from use in smoke control areas 

under the Clean Air Act. The appliance maintains a cast-iron structure 

incorporating a high thermal mass and a single primary air supply. 

Ecodesign appliances are likely to include secondary and tertiary are 

supplies designed to ensure more complete burnout of combustion 

products thereby resulting in a higher efficiency. 

xi. Combustion testing was undertaken to assess the effect of firelighter 

material on emission and performance during initial start-up. As 

previously discussed, the variance in performance and emission was 

shown to be limited during the combustion of kerosene-based and 

biogenic-based firelighter materials. This suggests that the type of 

ignition aid applied does not affect the cold-start results.  

xii. Cold-start operation is shown to affect both combustion efficiency and 

pollutant formation. Such processes are observed but not presented 

during the testing of combustion appliances in accordance with BS EN 

13240:2001 or other standardised conditions. Given that cold-start 

operation is prevalent in almost all cases of residential combustion 

practices the formation of inventories containing only warm-start data 

may correspond with an underestimation of the true scale of emissions 

from domestic sources. The inclusion of cold-start data results in a 

higher degree of variation within the inventory resulting in a higher 

degree of error however such processes are also synonymous with 

domestic application. It therefore stands to reason that modification to 

combustion testing practices are required which should allow the 

analysis of start-up and cold-start operation. This would allow for the 

formation of inventories and certified emission values for stove 

appliances to be more representative of what is observed under real-

world application.    
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Chapter 8 

Impact of Replicate Number on Repeatability of Results and 

the Minimisation of Error when Calculating Emission Factors 

from a Domestic Stove   

8.1  Introduction   

The operational performance and pollutant emissions from domestic heating 

appliances is known to be highly variable. The testing of such devices is commonly 

associated with a high degree of discrepancy when evaluating emission data 

leading to poor repeatability and reproducibility (Trojanowski et al., 2018). 

Consequently, poor repeatability in combustion data results in a large range of 

emission factor values observed within emission inventories. Biomass combustion 

is a complex process involving interactions between heat and mass transfer as well 

as chemical reactions and fluid flow (Jenkins et al., 1998). A number of variables 

may affect the combustion process which are somewhat external to the 

fundamental reaction. The inherent fuel properties, including moisture content, 

chemical composition and material features including size or shape (Mcdonald et 

al., 2000; Simoneit, 2002; Mando, 2013; Jones et al., 2014; Mitchell et al., 2016; 

Trojanowski et al., 2018; Price-Allison et al., 2019; Trubetskaya et al., 2021) may 

result in poor conditions within a stove device leading to incomplete combustion 

(Koppejan and Loo, 2008). In addition, variables relating to the operator 

(Trojanowski et al., 2018) and factors relating to the stove device, including primary 

air availability (Fachinger et al., 2017), can result in further variability between both 

individual batches and tests. As such, relatively minor alterations between different 

combustion reactions can result in notable variability in observed emissions and the 

performance of the stove. These combined variables, and the inherent complexity 

of the combustion reaction, result in difficulty when attempting to produce 

repeatable results (Haslett et al., 2018). In response to the complexity of stove 

operation there persists a high likelihood of changeable results. Such processes, 

result in the considerable range in emissions data presented within inventories. An 

assessment of the quality of emission inventories may therefore be required 

(Klauser et al., 2020).  

The most common method of evaluating stove or fuel performance is through the 

calculation of emission factors. These factors are a numerical estimate of the mass 

of a specific emission likely to arise following a combustion event. Such factors are 

often presented in mass of emission per mass of fuel consumed (g/kgfuel), per 

energy of fuel (g/MJ), or across a temporal period (kg/day). A number of methods 

for deriving emission factors across a combustion period are presented within the 
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literature (Ballard-Tremeer and Jawurek, 1996; Zhang et al., 2000; Shen et al., 

2010; Fachinger et al., 2017; Price-Allison et al., 2019); each is associated with 

inherent difficulties and limitations inhibiting universal application of a standardised 

method (GACC, 2014). Though emission factors may be calculated for specific 

periods within an individual combustion event (Mitchell et al., 2016), the majority of 

factors are calculated from an average emission concentration taken from the 

complete combustion cycle of a batch of fuel. This method presents a value more 

applicable for real-world stove operation, but it may result in reduced, or masked, 

emission events. For example, higher emission events during flaming combustion 

may be masked by notable reductions in emissions during the smouldering phase 

(Koppejan and Loo, 2008; Ozgen et al., 2014; Haslett et al., 2018). It is therefore 

important that stove testing understands the effect of stove operational practices, 

methodology limitations and the complexity of the combustion reaction upon the 

changeable nature of emission results. Poor reproducibility therefore affects results 

confidence and the ability to draw significant conclusions with regards to 

combustion performance and emissions. Undertaking additional batch testing could 

allow for improved confidence in derived emission results and minimise the inherent 

variability relating to operational practices, methodology limitations and the 

complexity of the combustion reaction.  

Though the number of replicates tested presents a significant control on result 

confidence, there is discrepancy within the literature as to the number applied, 

which may range between one and seven, with the majority of investigations 

applying around three batches per fuel or per stove (Kinsey et al., 2009; Vu et al., 

2012; Cerqueira et al., 2013; Ozgen et al., 2013; Calvo et al., 2014; Phillips et al., 

2016; Seljeskog et al., 2017). Previous work by Schmidl et al. (2011) identified the 

need for additional batch tests when firing a manually-fed stove device compared 

with automated systems. Furthermore, a somewhat restrictive approach is 

presented within BS EN 13240:2001 which specifies that only two batches of logs 

or solid fuel are required during the testing of stoves during continuous operation 

(BSi, 2001). Notwithstanding, it is mathematically correct to calculate statistical 

conclusions from a sample population of three or more values however smaller 

populations can result in false-positives, decreased predictability and low accuracy 

when statistically evaluating a hypothesis (Hernandez et al., 2006; Wang et al., 

2014). It is believed by some researchers that the very nature of combustion testing 

means that simply increasing the sample size (increasing the number of tests) will 

not lead to a reduction in variation between emission factor values and, as a result, 

error. Alternatively, given the capacity for error and poor repeatability of emission 

results, it stands to reason that more replicates are necessary. This idea has been 

previously explored when addressing repeatability issues in cookstove devices 
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(Wang et al., 2014) and pellet-stove space heating appliances (Trojanowski et al., 

2018). However little work has been done in the quantification of error in domestic 

heating stoves. Given the disparity in testing approaches and the limited 

reproducibility of emission results future legislation and the regulation of testing 

procedures must account for a complete range of potential emission outcomes 

where a defined emission factor is unachievable (Coulson et al., 2015).   

As discussed above, the homogeneity of fuels maintains significant impact on 

variability in emissions. Fuelwood is described as highly inhomogeneous materials, 

while briquetted and coal-based materials are of a more uniform composition and 

dimension (Tabarés et al., 2006). It therefore stands to reason that a more 

homogeneous fuel such as a biomass-based briquette or coal should produce more 

repeatable emission results, assuming consistent operational practices, and 

therefore require fewer repeated tests than other heterogeneous fuels. This 

hypothesis is explored in this Chapter. 

8.2  Literature Review   

The U.S. EPA (2016) have recently discussed the need for an operating protocol 

which can deliver precise and repeatable results so as to improve data confidence 

(U.S. EPA, 2016). A number of standardised testing procedures have been 

developed for stove testing and emission monitoring in Europe: NS 3058/NS 3059, 

Din-Plus and BS PD 6434 for Norway, Austria-Germany and the UK respectively 

and EN 13240 applied as a European standard. The Norwegian standard method 

(NS 3059) requires combustion testing for a cycle of four runs, while the Austrian-

German (Din-plus) and European methods (EN 13240) employ a series of two-test-

batches-per-experiment following an initial ignition batch. In contrast, the UK 

standard for solid fuel burning in domestic appliances (BS PD 6434) recommends 

that five repeat tests are undertaken per experiment (BSi, 2009; Mitchell et al., 

2017). The number of repeats undertaken in published work is highly variable 

ranging between one and seven tests (Nakamura et al., 1981; Kinsey et al., 2009; 

Vu et al., 2012; Cerqueira et al., 2013; Ozgen et al., 2013; Calvo et al., 2014; 

Phillips et al., 2016). Nevertheless, poor repeatability and high degrees of error 

remain persistent problems within the literature. In addition, there is limited 

definition of the stove operation period in both UK and European testing standards. 

Though field-based emissions monitoring provides real-word emissions information, 

limitations in reproducibility mean that laboratory stove-testing under standardised 

laboratory conditions will remain the preferred method (Chen et al., 2012).  

The fundamental cause of incomplete combustion is outlined in Smith (1987) and 

may be affected by the stove operator. The principal factors affecting combustion 
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include: the ratio of well-mixed air and mass of fuel within the combustion chamber, 

the temperature of the fuel and gas, and the residence time of products within the 

combustion zone. The impact of operator influence on stove performance is widely 

reported within the literature with standardised operating and test procedures 

designed to minimise its effect Such controls relate to processes regarding the fuel, 

methods of stove ignition, the regularity of use, the overall intensity of use and the 

operation of air supply or control (Wöhler et al., 2016). Operator error is shown to 

be lower when testing automated systems as identified by Fachinger et al. (2017) 

where only a 5% variability in emission factors were operator-derived.    

Operators can choose the properties of the fuel applied within a heating stove 

device which is shown to affect performance (Wöhler et al., 2016). Previous work 

undertaken by Fachinger et al. (2017) reported the capacity for minimising 

emissions through the selection of appropriate fuels and burning patterns. . The 

selection of fuelwood species can result in varied thermal performance and 

emissions. Evtyugina et al (2014) identified variable levels of trace gas emissions 

following the combustion of European beech, Pyrenean oak and black poplar within 

a domestic heating stove with a difference in emissions also often presented 

between hardwood and softwood species (Mcdonald et al., 2000). Similarly, 

Mitchell et al (2016) identified differences in particulate emissions and burning rates 

between a series of biomass and coal based solid fuels combusted within the same 

heating stove under similar operating conditions (Mitchell et al., 2016). A number of 

factors affect the combustion performance of such fuels, with fuelwood combustion 

noted as being the most complex. The inherent moisture content of a fuel can 

inhibit initial combustion by increasing the drying period before ignition, which 

results in intermittent and incomplete combustion (Koppejan and Loo, 2008; Price-

Allison et al., 2019). Moisture is also noted to reduce the thermal performance of a 

heating stove device in response to this additional energy loss during early phases 

(Mando, 2013). An investigation of the effect of fuelwood moisture content is 

presented in Chapter 5 and Chapter 6.   

The method of fuel loading and fuel-bed structure may affect the performance of a 

combustion appliance while variation in such practices can result in lower 

reproducibility (Trubetskaya et al., 2021). The number, size and mass of fuel 

particles is also shown to affect performance and emissions (Wöhler et al., 2016). 

The mass of fuel applied is generally subject to the HHV and moisture content as 

outlined in BS EN 13240. Overloading and underloading of a grate influences 

combustion conditions. Previous work by Fachinger et al. (2017) reported higher 

PM1 emissions when burning fuel on an overloaded grate. Though combustion 

temperatures could be higher, leading to improved combustion conditions, the 
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limited oxygen-to-fuel- ratio and residence time of derived products may inhibit 

complete combustion. This leads to an increase in gaseous and particulate 

emissions where primary air supply is not sufficient. Such processes can lead to 

increased emissions for a longer period of time throughout the combustion reaction 

(Tissari et al., 2009). The size of fuel particles is also a factor, with the combustion 

of smaller logs often resulting in higher emissions when compared with larger logs 

of an equal total mass . This may be the result of rapid combustion of smaller 

particles (due to the larger surface area) resulting in faster gasification of volatile 

material. Where the air supply is constant, the rapid devolatilisation of smaller logs 

can result in incomplete combustion, while higher particulate emissions occurs in 

response to higher temperatures within the combustion zone (Tissari et al., 2009). 

Alternatively, Dasch (1982) identified higher emissions during the combustion of 

larger logs in response to limited oxygen availability and reduced combustion 

temperatures (Dasch, 1982).  

The stove operator can also influence stove performance through the structural 

placement of the fuel, the point at which the stove is reloaded, and the control of 

primary air flow through the stove damper (Wöhler et al., 2016). The physical 

arrangement of fuel particles and firelighter materials prior to ignition can affect the 

formation of a hot-bed and, as a result, contribute in variation in combustion 

conditions between testing series (Trubetskaya et al., 2021). Excess air within the 

combustion chamber often results in enhanced flaming combustion. However, in 

response of a reduced residence time, emission factors may be higher as reported 

in Fachinger et al. (2017). Standard operating procedures during stove testing and 

emission monitoring attempt to mitigate variance in operator practices between both 

individual experiments and between testing facilities.  

Heterogeneity of both individual particles and batches of a fuel may be an additional 

source of error during heating stove testing. Biomass derived fuels are 

heterogeneous - incorporating a mixture of cellulose, hemicellulose, lignin, bark and 

extractive compounds - which can vary between species and fuel particle samples 

of the same tree or source (Goldstein, 1991; Perré and Turner, 2002). Other 

aspects of the fuel material such as moisture content can vary depending upon the 

initial location of the fuel within the tree structure (Espenas, 1951). The 

heterogeneous nature of fuelwood logs in particular has resulted in may accredited 

testing facilities using standardised fuel materials selective sampling to remove 

barked and knotted logs. In addition, every endeavour is made to ensure the 

material under test is similar to that which is commercially available and conforms 

to those types recommended by the stove manufacturer (Stewart, 2017). Briquetted 

and pelletized fuels may be developed from a range of lignocellulosic biomass. 
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Unlike fuelwood logs, these processed materials are more homogeneous, with 

reduced variation between samples (Tabarés et al., 2006). It therefore stands to 

reason that the combustion of a more homogenous fuel should result in more 

reproducible combustion conditions thereby improving repeatability of derived 

emissions data.  

The combustion of biomass in small residential heating appliances is complex often 

resulting in the development of unforeseeable and unavoidable events which 

induce poor repeatability and offset fuel sampling and stove operating practices 

designed to maintain consistency (Haslett et al., 2018). These events may include 

the collapse of a fuel stack prior to adequate heating meaning that a proportion of 

the fuel particles remain unexposed to the combustion reaction for a prolonged 

period. Such events can have a significant impact upon the combustion of a fuel 

batch and subsequent emission formation. Ignition, burning rate and devolatilisation 

of fuel may vary depending upon access to the heated grate often meaning that fuel 

types comprising smaller particles, such as pelletised and briquetted biomass , burn 

more evenly than logs because of the uniformity in thermal exposure (Stewart, 

2017). Though the majority of fuel within a firebox is expected to burn, non-uniform 

thermal exposure may result in delayed or inhibited combustion of fuel; a process 

which will almost certainly lead to varied emission patterns under batch testing. 

Unforeseeable events within a combustion process are often minor and difficult to 

quantify but provide for notable differences in emissions profiles. A simple shift in 

the fuel pack or the falling of a log from a stack of particles can result in an emission 

spike as particulate matter is liberated from the bed. Alternatively, it could inhibit the 

rate of fuel consumption if the material is isolated from the heated grate. Though 

increased control of stove testing has been attempted in the literature (Fachinger et 

al., 2017), the unpredictable nature of combustion means that some variability is 

both expected and unavoidable.  

As discussed earlier, repeated batch testing is a potential method of reducing error 

when measuring emissions from residential heating appliances (Scott, 2005; Wilton, 

2012; Wilton and Bluett, 2012; Wang et al., 2014; Stewart, 2017). The success of 

using arithmetic averaging of emission results, and subsequent communication of 

stove performance values, is limited by the number of replicates applied within a 

test study. Though debate is presented within the literature on the number of 

repeated tests that should be applied, few dedicated studies have been undertaken 

which attempt to quantify the degree of confidence associated with standardised 

testing procedures (Wang et al., 2014).  

Wang et al. (2014) investigated the effect of repeated testing on the statistical 

significance (standard deviation (σ), standard error (SE), cumulative distribution 
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function (CDF), and result confidence) of emission results from two cookstove 

devices. Stove operation practices and device performance were standardised as 

much as possible. Results are summarised in Figure 8.1 where a specific number 

of replicates is identified so as to achieve a confidence of 0.01, 0.05 and 0.1 or 

90%, 95% and 99% confidence respectively. An increase in the confidence is 

presented with an increase in the number of repeated tests undertaken. Applying 

this to stove testing, it is clear that increased batch testing would reduce uncertainty 

and mitigate misleading results. The application of additional testing will not reduce 

the standard deviation of values, principally because of the inherent variance of 

results, but will reduce the standard error (Wang et al., 2014). Though numerically 

valid, the application of three test batches may not be sufficient to representatively 

measure a true stove performance. Alternative international standard testing 

procedures (AS/NZS 4012/3) outline the need for as many as nine replicates so as 

to achieve more certainty of results, while a reduction in this value may infer error 

due to poor reproducibility (Scott, 2005).          

A collation and review of real-world woodstove emission factors taken from a series 

of testing exercises is developed by Coulson et al. (2015). The study identifies 

variability in emission factor values generated during individual batch testing and 

between testing regimes. From a total of 390 in-situ combustion experiments the 

range of emission factors identified during a single experiment was sometimes 

found to be similar to the range of values from all experiments. A log-normal 

distribution was shown for each of the stove datasets each presenting a geometric 

mean of 4.9±3.8 g/kgfuel (all stoves), 3.9±3.8 g/kgfuel (NES compliant stoves) and 

9.8±2.4 g/kgfuel (pre-1994 stoves). The study concluded that an increase in the total 

number of tests applied within an investigation fails to reduce the variability in 

emission factor results. As such, a coefficient of variance of around 1.0 is 

consistently observed for both larger and smaller population sizes. No relationship 

therefore observed between the variation in emission factor values and the size of 

the population meaning that an increase in the number of tests did not reduce 

observed variation (Coulson et al., 2015). The paper focuses on real-world and in-

situ testing within urban locations in New Zealand and does not implement 

standardised testing under laboratory conditions. As such, further testing into the 

effect of reproducibility under laboratory conditions is therefore required so as to 

assess the impact of repetitive testing upon the statistical significance of results. 
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Figure 8.1  The effect of additional replicant testing on the confidence interval at 
90%, 95% and 99% confidence while testing small cookstove devices. Taken 

from Wang et al. (2014). 

 

Fachinger et al. (2017) investigated variability and uncertainty when calculating 

emission factors during fuelwood combustion in a 6 kW wood burning stove. The 

investigation analysed the impact of (i) experimental uncertainty, or uncertainty 

derived by minor differences in stove operation between experimental batches, (ii) 

day-to-day variability, or the difference in emission results across each 

experimental procedure, (iii) fuel variability in response to change of fuel supplier. 

Figure 8.2 displays the magnitude of uncertainty for each of the three factors for 

each investigated pollutant. Experimental results showed a lower degree of 

uncertainty for pollutants which maintain a higher concentration. As such, pollutants 

with a lower concentration present a higher degree of uncertainty. Variability 

derived from the stove operator is believed to account for the majority of uncertainty 
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during the experimental work and is suggested to account for up to 30% of change 

in final emission factor values (Fachinger et al., 2017).  

An evaluation of previously published emission values from accredited laboratories 

is presented by Curkeet and Ferguson (2010) where general repeatability was 

shown to be very poor: an average emission factor of 3.1 g/h corresponded with a 

standard deviation of ±5.4 g/h and a range of ±5.4 g/h (Curkeet and Ferguson, 

2010; Trojanowski et al., 2018). Poor repeatability therefore inhibits confidence in 

results making it difficult to draw conclusions which are statistically significant. 

 

Figure 8.2  Sources of uncertainty associated with the combustion of Beech logs 
under ideal combustion conditions in a 6 kW wood burning stove. Uncertainty 
is provided for each of the three combustion phases investigated in the study 

were WS is warm start, WSF is flaming combustion phase and WSS is 
smouldering combustion phase. Taken from Fachinger et al. (2017, 

Supplimentry Information). 

 

Previous work has identified the need for additional replicate testing when 

calculating emission factors. Given the potential impact of replicate number upon 

results confidence it stands to reason that further testing is required. Additional 

research should therefore be twofold and include; (i) the impact of batch repetition 

on confidence in emission factors and (ii) the impact of fuel heterogeneity on the 

requirement of replicant testing.  
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8.3  Materials and Methods   

8.3.1  Test Fuel Information 

Three typical fuels were studied as identified in Table 8.1. The fuels are commonly 

available within the UK market and include; (i) kiln-dried beech (hardwood), 

prepared in accordance with Ready to Burn certification, was studied to test the 

impact of fuel heterogeneity on emission repeatability. These fuelwood logs where 

kiln dried for a period of 24 hours at 50°C before being stored under a high tunnel to 

reduce the moisture content to between 15-20%. After receipt, the logs were kept in 

a covered outdoor store before being transferred to the indoor testing facility. All 

bark on the fuelwood logs was removed so as to mitigate potential sources of 

contamination and increased emissions from secondary sources: the processing of 

the fuelwood logs in this way increased the uniformity of the testing material 

(Obernberger et al., 2006; Phillips et al., 2016). In addition, all logs were cut to the 

dimensions presented in Table 8.2. [ii] Torrefied olive stone briquettes [Arigna], 

previously characterised by Trubetskaya et al. (2019), and (iii) HETAS approved 

biomass briquettes [Hotmax], incorporating pine sawdust residue, were applied as 

examples of more homogenous fuel materials. Both biomass and torrefied 

briquettes were stored in plastic bags before being air dried for a period of 24 hours 

prior to combustion testing. Each of the test fuels are presented in Figure 8.3. 

 

Table 8.1  Details of the fuels used in this study 

Fuel Fuel Type Physical Properties Number of 

Replicates 

Beech Logs  

(Ashtrees Ltd) 

Fuelwood Kiln-dried fuelwood 

Fuelwood dried at 50°C for 24 hours 

Stored in High Tunnel prior to collection 

Stored in outdoor shelter prior to testing 

All bark removed and fuel dimensioned 

HETAS and Ready to Burn approved 

10 

Biomass 

Briquettes 

(Hotmax) 

Biomass  

Briquette 

Pine sawdust residue briquette without 

binder 

Stored in plastic bags prior to testing 

HETAS and Ready to Burn approved 

10 

Grovoids  

(Arigna Fuels) 

Torrefied  

Briquettes 

Washed olive pit (Olea europaea) derived 

feedstock torrefied at 280°C> and briquetted 

Stored in plastic bags prior to testing 

9 
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Figure 8.3  (a) debarked kiln-dried beech fuelwood logs, (b) torrefied olive 
briquettes [Arigna] and (c) biomass briquettes [Hotmax]. 

 

Table 8.2  Fuel characterisation and analysis 

Fuel Type Fuelwood Biomass Briquettes Torrefied Briquettes 

VM (% db) 75.8 76.0 43.5 

Ash 10.5 4.9 16.8 

FC 13.7 19.1 39.8 

Bulk MC (% ar) 17.45 5.48 13.8 

C (% daf) 51.5 52.3 67.0 

H 6.7 6.4 6.1 

N 0.4 0.5 1.1 

S 0.0 0.0 0.0 

O 41.4 40.7 25.8 

HHV (MJ/kg db) 17.8 19.8 21.2 

LHV 13.21 17.35 17.05 

*db – dry basis, daf – dry ash free 

8.3.2  Multi-Fuel Stove Operation  

Combustion testing was undertaken on a HETAS approved Waterford Stanley Oisin 

multi-fuel heating stove. Full details of the combustion testing facility, procedure and 

instrumentation is presented in Chapter 3.  

Each batch of fuel was selected so as to improve homogeneity, where possible; as 

such material that differed in terms of size and mass was disregarded. The mass of 

each applied fuelwood batch (Bfl) was determined following BS EN 13240 as 

identified in Chapter 3, and as listed in Table 8.3:  
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i. The mass of each fuelwood (F) batch was in the range of 1.373 kg 

±10%. In addition, a single test batch, at a reduced mass of 1.037 kg, 

was studied to examine the effect of underloading at high stove 

temperatures. 

ii. Previous testing of the biomass briquettes (B) [Hotmax] briquetted fuel 

revealed reduced O2 concentrations within the flue gas in response to 

high combustion temperatures resulting in a high burning rate. A 

reduced fuel load of 1 kg ±10% was subsequently applied during testing. 

iii. Torrefied olive briquettes (T) [Arigna] were tested in batches of 1.5 kg 

±10% as per the manufacturer recommendation. 

 

Stove testing was performed following a method similar to BS EN 13240 for a 

heating stove burning under nominal intermittent conditions, as follows:  

1. A pre-test batch of fuel was placed across the bottom grate in a 

manner designed to ensure reproducibility of ignition. The fuel batch 

was ignited using a mixture of 40 g ±10% of firelighters (Zip, 

Original) and 40 g ±10% kindling [Hotmax Briquettes] with the 

placement designed to ensure repeatable start-up conditions. The 

pre-test batch was identified as complete when the mass of fuel and 

ash remaining in the stove reached a specified mass (~50g).  

2. A series of five subsequent test batches were applied to investigate 

the repeatability of results under hot start conditions. A reload point 

was determined for each of the warm-start batches based upon the 

mass of unburned fuel and ash residue remaining within the stove. 

The reload points for each batch where maintained across testing 

series. The operation of the stove and placement of the fuel was 

designed to ensure repeatability of results and uniform combustion 

of the fuel pack. The dimensions and masses used in each test are 

given in Table 8.3, together with burning time of each reload batch. 

3. Each of the fuels were investigated across two combustion series on 

two separate days. Each series included a single cold-start batch 

followed by up to five warm-start reload batches in each day. 
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Table 8.3  Fuel characterisation and analysis 

Fuel  

(Batch No.) 

No. of 

Particles 

Ave. Length, Width 

(cm) 

*Total Mass (Ave. Fuel 

Particle Mass) (g) 

Batch Time 

(min) 

B (1.1) 4 5.8, 7.5 978 (245) 34.3 

B (1.2) 4 5.5, 7.5 928 (232) 35.28 

B (1.3) 4 5.8, 7.5 999 (250) 34.3 

B (1.4) 4 5.8, 7.5 1056 (264) 33.31 

B (1.5) 4 6.0, 7.5 1044 (261) 28.42 

B (2.1) 4 5.8, 7.5 1072 (268) 35 

B (2.2) 4 5.9, 7.5 1092 (273) 39 

B (2.3) 4 5.4, 7.5 1022 (255.58) 35 

B (2.4) 4 5.4, 7.5 1049 (262.41) 30 

B (2.5) 4 5.5, 7.5 1031 (257.98) 31 

T (1.1) 27 - 1521.6 54 

T (1.2) 27 - 1538.0 50 

T (1.3) 27 - 1472.5 53 

T (1.4) 29 - 1516.5 66 

T (1.5) 30 - 1570.2 78.28 

T (2.1) 30 - 1456.75 54 

T (2.2) 31 - 1501.23 56 

T (2.3) 31 - 1495.59 64 

T (2.4) 33 - 1363.18 78 

F (1.1) 2 24, 9 1419.77 (709.89) 40 

F (1.2) 2 23.75, 9.25 1456.01 (728.01) 43 

F (1.3) 2 23.75, 9 1312.86 (656.43) 32.5 

F (1.4) 2 23.25, 9.5 1268.85 (634.43) 30.5 

F (1.5) 2 23.75, 10 1439.90 (719.95) 34.5 

F (2.1) 2 24.25, 8.25 1343.26 (671.63) 38 

F (2.2) 2 23.5, 8.25 1403.75 (701.88) 35 

F (2.3) 2 23.75, 9 1311.06 (665.53) 33.5 

F (2.4) 2 24.25, 8 1412.58 (706.29) 44.5 

F (2.5) 2 24, 6.25 1037.04 (518.52) 25.75 

*mass presented on an as-fired (af) basis 

8.3.3  Statistical Analysis 

Results of two testing series incorporating a pre-test batch followed by four/five 

warm-start test batches were considered in the quantification of stove start-up 

conditions and emission factor results. Given the likely variation in stove conditions 
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influencing the combustion process, as a function of both time and mass of fuel 

applied, the batch results were applied within the sample population in the order in 

which they were recorded. The effect of emission factor population sample size was 

evaluated following a method outlined in Wang et al. (2014). The standard deviation 

about an arithmetic mean (x̄), as identified in Equation 8.1, is applied as an 

indication of the spread of measured results and, as a result, the likely variability 

within the population (Berthouex and Brown, 2002; Altman and Bland, 2005). Unlike 

standard error around a mean, the standard deviation will not necessarily reduce 

given a larger sample size and is instead dependent upon the recorded emission 

factor values (Wang et al., 2014). As such, the standard deviation is a measure of 

the scatter of observed sample values about an observed mean while the standard 

error is a measure of precision when estimating a true mean value from the 

deviation of observed data points (Berthouex and Brown, 2002). 

 

(𝟖. 𝟏)    𝜎 = √
1

𝑛 − 1
∑(𝑥𝑖 − �̅�)2   

σ  is the standard deviation  

n  is the inventory sample size 

x̄  is the mean of observations within the inventory 

xi  inventory value 

 

Confidence intervals are applied as a method of quantifying a likely interval within 

which the true mean of a population may be located. The interval about the 

arithmetic average is described as x̄±E where E is the centred half-length value; as 

such, the full confidence interval may be calculated as 2E. The upper-bound and 

lower-bound intervals, about the arithmetic mean, may be calculated as x̄ + E and x̄ 

- E respectively. For large sample sizes, generally larger than 30, a z-statistic is 

applied as a method of calculating E. An appropriate estimation for the z-statistic 

values may be applied dependent upon the accuracy of the interval. Given the 

relatively small sample size in this study, a more appropriate t-statistic is applied 

which can be simply calculated in excel using the =TINV function, a calculation of 

the inverse of the two-tailed Student's T Distribution. Generally, the value of the 

dimensionless t-statistic decreases with an increase in the sample size as shown in 

Table 8.4. 
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Table 8.4  Examples of t-statistic variation depending upon sample size (n) and 
confidence level (CL) 

Sample Size t-statistic 

CI=90% CI=95% CI=99% 

3 2.920 4.303 9.925 

4 2.353 3.182 5.841 

5 2.132 2.776 4.604 

10 1.833 2.262 3.250 

15 1.761 2.145 2.977 

20 1.729 2.093 2.861 

25 1.711 2.064 2.797 

50 1.677 2.010 2.680 

100 1.660 1.984 2.626 

 

The full-interval (2E) may be calculated using Equation 8.2 where tα/2 is the t-

statistic, σ is the standard deviation and n is the sample size. Values were 

calculated for three common confidence intervals where 1–α is 0.99, 1–α is 0.95 

and 1–α is 0.90 (Berthouex and Brown, 2002; Wang et al., 2014). 

 

(𝟖. 𝟐)    2𝐸 = 2

𝑡𝛼
2

∙ 𝜎

√𝑛
  

A correlation is a measure of the statistical linier dependence between variable x 

and variable y. Typically, convergence must be measured across the same scale 

however due to the different variables investigated as part of this study a scaleless 

convergence, or correlation coefficient, is required. Equation 8.3 identifies the 

method of calculating the Pearson’s correlation coefficient (r) where positive or 

negative correlation is measured between -1 and +1 where a value of zero 

indicates complete independence of both variables. A probability normal-theory 

value (P) of 0.05 and 0.01, corresponding with a 95% and 99% confidence interval, 

is applied to assess the statistical significance of correlation results (Berthouex and 

Brown, 2002). Pearson’s correlation analysis is a parametric statistical test meaning 

that data must be normally distributed. Given that data may not normally distributed 

in all cases, a bootstrapping method is applied to confirm the statistical significance 

of results for a bias corrected 95% confidence interval. Bootstrapping applies a 

method of repeated sampling of the data variables; up to 1,000 samples are 

selected under the current experimental procedure, using random sampling 

conditions (Wang et al., 2014). 
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(𝟖. 𝟑)    𝜎 = √
1

𝑛 − 1
∑(𝑥𝑖 − �̅�)2   

xi  each value of the x-variable within the inventory 

x̄  is the mean of observations of the x-variable within the inventory 

yi  each value of the y-variable within the inventory 

ȳ  is the mean of observations of the y-variable within the inventory 

 

8.4  Experimental Results    

8.4.1  Variation in Combustion Conditions 

Combustion experiments for each of the fuels were undertaken across two testing 

series. Each of these series incorporated an ignition phase, or cold start batch and 

these results are presented but not analysed in this chapter. The subsequent series 

of warm-start batches were used to derive emission factor values and were 

included within the statistical analysis. Control measures were applied to ensure 

reproducibility of the combustion reaction and inhibit the establishment of operator 

influence. Variability in emissions and combustion characteristics is therefore a 

function of prolonged operation of the stove, the thermal mass of the firebox relative 

to the mass of fuel consumed, and inherent burning variability. Each of these 

processes is defined in response to the period of stove use with prolonged 

combustion testing resulting in notably different conditions to those observed under 

standard testing conditions.  

Previous research has identified a relationship between combustion zone 

temperature and pollutant emission formation (Smith, 1987; Fachinger et al., 2017) 

with flue gas temperature (Fluet) providing a representative indication of heating 

conditions within the firebox (Alves et al., 2011). The combustion of biomass 

briquettes provided the highest temperatures while torrefied briquettes and 

fuelwood were similar. Average combustion temperatures were 38840°C, 

37340°C and 37444°C for biomass briquettes, torrefied briquettes and fuelwood 

respectively. Variability in combustion temperature between warm-start test batches 

is shown in Table 8.4. Fluet is in agreement with the range previously identified 

within the literature (Ozgen et al., 2014; Fachinger et al., 2017). A general increase 

in temperature is observed with each subsequent warm-start batch of fuelwood and 

biomass briquettes applied to the stove. Minor reduction in Fluet are observed and 

attributed to individual combustion events where fuel particles are displaced from 

the hot-grate thereby inhibiting flaming combustion. This process was particularly 

prevalent when testing fuelwood where the fuel pack is composed of a small 
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number of large fuel particles. The increased temperatures observed during later 

batches are likely in response to the total throughput of material into the combustion 

chamber. As such, the combustion temperatures are likely affected not only by the 

current fuel load but also by the combustion conditions observed during previous 

batches. A general decrease in temperature is observed with each subsequent 

warm-start batch of torrefied briquettes applied to the stove. The reduced 

temperatures are likely in response to a prolonged ignition time following fuel 

reloading. The delayed ignition was a result of fuel moisture content, ash formation 

on the grate and inhibited O2 availability during heavy smouldering of the previous 

test batch. Flue gas velocity (Fluev) is changeable and dependent upon the 

combustion temperature with higher velocities generally corresponding with a 

higher total fuel throughput. Increased flue gas velocity may result in a reduction in 

the residence time of combustion products within the flaming phase subsequently 

impacting pollutant formation.  

 

Table 8.4  Average flue gas temperature (°C) observed during batch phase testing 

Batch No. B S1 B S2 T S1 T S2 F S1 FS2 

1 330.9 346.7 376.9 379.9 288.0 341.1 

2 352.4 390.0 442.7 381.7 343.9 379.5 

3 360.9 394.1 418.7 354.5 377.4 395.8 

4 399.1 415.5 365.5 303.6 447.3 360.9 

5 451.9 443.2 340.1 - 419.0 394.5 

 

The rate of fuel conversion was found to be similar to those observed during 

previous testing (Mitchell et al., 2016). Some variation in the burning rate of 

torrefied briquettes is observed which is likely due to the higher moisture content. 

Figure 8.3 presents a trend between the fuel conversion rate and the average 

temperature observed across a complete batch cycle where higher combustion 

temperatures correspond within an increase in the burning rate as identified in 

Fachinger et al. (2017). An increase in the temperature occurred with each batch of 

fuel applied to the stove leading to a corresponding increase in the burning rate for 

fuelwood and biomass briquette fuels. A reduction in the conversion rate of the 

torrefied briquette material is likely a result of reduced temperatures in the 

combustion chamber. Burning rates (kg/hour) were found to be 1.71±0.2, 1.44±0.2 

and 2.09±0.6 for biomass briquettes, torrefied briquettes and fuelwood logs 

respectively. A reduction in Fluet is often observed and attributed to individual 

combustion events. Such events are considered random and unavoidable and 

include the shifting of fuel particles from the hot-grate during the combustion 
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reaction thereby inhibiting energy availability subsequently leading to reduced stove 

temperatures and slowed fuel conversion rates.  

Average O2 concentrations are similar for biomass briquettes and fuelwood and are 

shown to be within the range of 12.04-15.69 vol-%. A reduction in oxygen 

availability is observed as a function of stove operating time with lower 

concentrations observed during high temperature combustion where the fuel 

conversion rate is also highest. O2 concentrations are significantly higher during 

torrefied briquette combustion and are within the range of 15.72-17.82 vol-%. In 

response to the slowed burning rate the O2 availability is shown to increase as a 

function of stove operating period with higher O2 concentrations observed when 

combustion temperature and burning rate are reduced. 
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Figure 8.3  Variation in fuel burning rate (kg/hour) on an as fired basis as a function 

of flue gas temperature (°C) and O2 availability (vol-%). Burning rate, flue gas 
temperature and O2 concentrations are calculated as an average across the 
complete batch cycle. B is biomass briquettes, T is torrefied briquettes and F 

is fuelwood logs where 1 and 2 refer to the testing series number. 

8.4.2  Summary of gaseous emission results 

Emission Factor values are calculated using different constants in this Chapter. To 

convert these values into the same condition that is presented in the rest of the 
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thesis a correction factor of 0.88 may be applied. Emission factor results for this 

chapter have been updated within Chapter 9 for direct comparison with other 

results.  

Continuous gaseous emission monitoring was undertaken throughout the 

combustion experiments with emission factor values calculated across a complete 

batch cycle . Emission factor results were within the range found in the literature 

(Purvis and McCrillis, 2000; Hedberg et al., 2002; Bafver et al., 2011; Pettersson et 

al., 2011; Ozgen et al., 2014; Fachinger et al., 2017). Table 8.5 outlines the 

emission factor values derived from individual warm-start batches and the average 

emission results calculated for each of the fuel materials. 

 

Table 8.5  Average gaseous emission factors calculated from the complete 
combustion cycle. Emission factor values presented in g/kgfuel unless 

otherwise stated. 

Fuel CO CH4 CH2OCH2O C6H6 SO2 NOx NH3 (mg/g) MCE 

B 50.8±15.8 1.1±0.8 0.1±0.1 0.3±0.2 0.9±0.1 1.5±0.2 85.8±39.3 0.96 

T 163.6±29.0 1.8±1.0 0.6±0.2 1.7±1.0 1.4±0.3 1.9±0.3 415.9±71.8 0.84 

F 55.6±16.0 1.7±0.8 0.7±0.4 1.0±0.4 0.6±0.2 1.0±0.2 144.2±30.7 0.94 

8.4.2  Summary of particulate emission results 

Particulate collection was undertaken under dilution by impaction as shown in 

Chapter 3. High PM loading generally occurs during ignition and flaming phases 

with significantly lower concentrations generally observed during smouldering 

combustion (Mitchell et al., 2016). As such, the calculation of PMt across a 

complete batch cycle may mask very high PM loading during early phases of 

combustion if the smouldering phase is extended (Calvo et al., 2015; Mitchell, 

2017).    

In response to the method of particulate matter sampling [PM10 Impactor, Dekati] 

the emission inventory sample size remains small for PMt emission factors (n = <5). 

As such, the PMt values are not included in the statistical analysis. Table 8.6 

summaries the PMt emission factor values and particulate size distribution for each 

of the test fuels under warm-start operation. 
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Table 8.6  Average particle size distribution of PM material under diluted conditions 
as a percentage (%) of PMt. 

Particle Size Fraction 

(µm) 

B T F 

n 5 5 6 

PMt (g/kgfuel) 2.4±0.7 0.7±0.2 1.2±0.5 

Range (g/kgfuel) 1.5-3.1 0.6-1.1 0.6-2.0 

PM10 > 0.7±0.4 2.6±3.0 0.7±0.6 

PM2.5 - PM10 2.7±1.6 0.9±0.9 1.2±1.0 

PM1 - PM2.5 4.6±1.2 4.6±6.7 2.5±1.6 

<PM1 92.1±2.4 91.9±5.5 95.5±2.8 

8.4.3  Effect of stove operational period on emission formation 

Pollution emission concentrations are shown to reduce during repeated batch 

testing. Higher emission factors are generally presented during pre-test, cold-start, 

batch combustion however these values are likely skewed by instrument error and 

contamination during the combustion of kerosene ignition material. Emission 

concentrations and corresponding emission factors are presented in Figure 8.4-8.6. 

The repeated tests of biomass briquettes indicate a reduction in pollutant formation 

as a function of total fuel throughput. Higher emission factor values are observed 

during batches 1, 2 and 3 with lower values observed during the combustion of 

batches 4 and 5. The improvement in emissions is likely the result of increased 

temperatures within the combustion zone following a prolonged heating period and 

combustion of a larger fuel mass. Flue gas and grate temperatures were in the 

range of 330-394 °C and 450-555 °C for batches 1-3 with 399-451 °C and 483-617 

°C for batches 4-5. O2 concentration trends are also noted to vary with increased 

temperatures. This is likely in response to more energetic combustion under hotter 

stove conditions leading to a higher O2 demand during the thermal conversion 

reaction. The MCE trend is similar between batches with higher values (0.90-1.00) 

and lower values (0.80-0.90) corresponding to flaming and smouldering combustion 

phases respectively (Akagi et al., 2011). However, MCE values during latter test 

batches are notably higher suggesting higher CO2 concentrations and lower CO 

concentrations. CO formation is generally a function of combustion phase and 

temperature and is an intermediate species of CO2 formed during the oxidation of 

hydrocarbon fuels (Sartor et al., 2014; Olave et al., 2017). The reduction in CO 

emission factors during these batches also suggests more significant flaming 

combustion compared to smouldering phases. It is therefore likely that the 
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temperature within the combustion zone had a significant effect on pollutant 

emission concentrations.  

CH4 emission arising from the combustion of biomass briquettes and fuelwood 

reduced following the addition of subsequent test batches. The average emission of 

CH4 derived from the initial three batches of biomass briquettes was 1.53±0.77 

g/kgfuel. Subsequently, the average emission was reduced to 0.42±0.24 g/kgfuel 

during the combustion of batches 4 and 5. A similar trend is observed during the 

combustion of fuelwood whereby a higher emissions (1.83±0.85 g/kgfuel) are 

observed during the initial three batches followed by lower emissions (1.58±0.89 

g/kgfuel) during batches 4 and 5. The reduction in CH4 is less significant during the 

combustion of fuelwood in response to fuelwood particles becoming displaced from 

the hot-grate leading to an increase in smouldering and lower combustion 

temperatures. Similar trends were found for benzene species and formaldehyde. 

The higher combustion temperatures observed in this work, resulting in lower 

emission concentrations, would not generally be observed when following standard 

testing practices – i.e. applying three batches of fuel. NOx and SO2 emissions 

appear unaffected by increased combustion temperatures suggesting the majority 

of the pollutant formation is dependent on fuel nitrogen and sulphur contents.  

The combustion of torrefied briquettes appears to show an alternative trend with 

increased emissions presented with an increase in total fuel throughout as shown in 

Figure 8.5a,b. CH4 emission was 1.3±0.4 g/kgfuel following the combustion of a 

single test batch, and 3.0±0.6 g/kgfuel recorded during test batches 4 and 5. A 

similar pattern is identified for alkane species, benzene and formaldehyde. 

Increased emission concentrations correspond with reduced combustion 

temperatures. A possible cause of reduced temperatures within the combustion 

zone relate to the prolonged ignition period following reloading and high moisture 

content. In addition, the onset of heavy smouldering and continued devolatilisation 

of hydrocarbon products inhibited ignition. In some cases, this initial ignition period 

was as much as 150 seconds thereby causing the peaks presented in Figure 8.5a.         

Figure 8.4-8.6 present gaseous emission profiles for each of the combustion 

experiments including both cold-start and warm-start operation. Emission profiles 

are shown for series 1 (S1) and series 2 (S2) for each of the fuels. Gas emission 

concentrations are presented in mg/m3 on a dry basis at STP. Pollutant emission 

factor values are presented in g/kgfuel. O2 concentrations are presented in vol-%db. 
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Figure 8.4a  Biomass briquette S1: Gaseous pollutant emission profile 
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Figure 8.4b  Biomass briquette S2: Gaseous pollutant emission profile 
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Figure 8.5a  Torrefied briquette S1: Gaseous pollutant emission profile 
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Figure 8.5b  Torrefied briquette S2: Gaseous pollutant emission profile 
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Figure 8.6a  Fuelwood S1: Gaseous pollutant emission profile 
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Figure 8.6b  Fuelwood S2: Gaseous pollutant emission profile 

0 50 100 150 200 250 300 350

0

100

200

300

400

500

600

700

800

 SO
2

 NO

 SO
2

 NOx

C
o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/N

m
3

d
b
)

0

1

2

3

4

5

6

7

E
F

 (
g
/k

g
d
b
)

0 50 100 150 200 250 300 350

0

100

200

300

400

500

 CO

 CO

 MCE

C
o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/N

m
3

d
b
)

0

1

2

3

4

5

E
F

 (
g
/k

g
d
b
)

0 50 100 150 200 250 300 350

0

20

40

60

80

100

120

 CH
4

 CH
2
O

 C
6
H

6

 CH
4

 CH
2
O

 C
6
H

6

C
o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/N

m
3

d
b
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

E
F

 (
g
/k

g
d
b
)

0 50 100 150 200 250 300 350

0

2000

4000

6000

8000

10000

12000

14000

16000

 Temp.

 O
2

 Velocity

C
o
n
c
e
n
tr

a
ti
o
n
 (

m
g
/N

m
3

d
b
)

 NH
3

 HCl

 NH
3

 HCl

0

50

100

150

200

250

300

E
F

 (
g
/k

g
d
b
)

0.0

0.2

0.4

0.6

0.8

1.0

M
C

E

0 50 100 150 200 250 300 350

0

200

400

600

800

1000

1200

F
lu

e
 G

a
s
 T

e
m

p
. 

(°
C

)

Time (min)

0

20

40

60

80

100

O
2
 C

o
n
c
e
n
tr

a
ti
o
n
 (

v
o
l-
%

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

V
e
lo

c
it
y
 (

m
/s

)



- 335 - 

8.4.4  Influence of Combustion Events upon Repeatability  

Variance in pollutant concentrations are presented between test batches with 

significant differences in the burning processes for torrefied and raw biomass fuel 

materials. Figure 8.7a shows trends in concentrations during different combustion 

cycles. As mentioned previously, the combustion of torrefied briquettes resulted in 

high emission peaks following fuel reloading and higher concentrations generally 

presented during prolonged stove use. Such peaks arise from residual fuel material 

remaining on the grate during reloading. During this process remaining flames are 

extinguished when new fuel is added resulting in continued devolatilisation on the 

heated grate for a prolonged period without the presence of a flame. Thus, 

prolonged ignition, reduced temperatures, high bottom ash accumulation and 

inhibited O2 availability all contribute to the significant smoking of the extinguished 

batch.  

There were also instances of significantly higher emission concentrations during the 

combustion of fuelwood logs (Figure 8.7b). A general increase in the average 

combustion temperature is observed with each batch of fuel combusted within a 

testing series. Increased temperatures generally correspond with improved 

combustion conditions are lower concentrations of pollutants. However, an increase 

in emission is shown during a latter batch within the testing series in response to a 

reduction in temperature. The peak observed during the combustion of batch four 

was a result of a log falling from the heated grate onto a cooler section of the stove 

thereby increasing smoke and reducing combustion temperatures. As a result, 

higher emission factors are displayed during a period when optimum combustion 

conditions are expected. The impact of such processes can affect the standard 

deviation of emission factors about the mean value. This is an inherent 

consideration of biomass combustion whereby fuel properties and unplanned 

operation processes have an influence on stove performance and burn conditions. 
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Figure 8.7  Variation in pollutant concentration during repeated combustion events 
for (a) torrefied briquette and (b) fuelwood test runs. → identifies periods 
where combustion events provide a significant control on emission factor 

quantification while --- indicates the point of fuel reloading. 

 

The combustion of solid fuel within a domestic stove is a complex process 

incorporating several dynamic variables. Table 8.7-8.9 provide a correlation matrix 

for each of the test fuels which examines statistically significant relationships 

between each of the combustion variables. The correlation coefficient is calculated 

from the method outlined in Equation 8.3 where r is an indication of the linearity of 

the correlation measured between -1 and +1. The significance of the correlation is 

estimated from P and bootstrapping analysis as identified in Wang et al., (2014). 

The matrix is a cross comparison of each of the combustion variables against all 

other combustion parameters. Cells marked in dark green identify correlations that 

are significant to a P=0.01 (99%) confidence interval. Cells marked in a light green 

identify correlations that are significant to a P=0.05 (95%) confidence interval. Cells 

which are blank suggest a limited relationship which is not statistically significant.  

Repeated combustion testing results in an increase in the flue gas temperature in 

response to a higher total fuel throughput. A significant correlation between flue gas 

temperature and O2 concentration is reported for each of the test fuels. A negative 

relationship is presented whereby an increase in the recorded flue gas temperature 

results in a decrease in the O2 concentration. A strong correlation is observed for 

0

500

1000

1500

2000

0 50 100 150 200 250 300 350

0

500

1000

1500

2000

0

100

200

300

400

500

0 50 100 150 200 250 300

0

50

100

150

200

250

300

C
o
n
c
e
n
tr

a
ti
o

n
 (

m
g

/N
m

3
 d

b
)

 CH
4

 C
3
H

8

 C
6
H

14

C
o
n
c
e
n
tr

a
ti
o

n
 (

m
g

/N
m

3
 d

b
)

Time (min)

 CH
2
O

 C
6
H

6

 CH
4

 C
3
H

8

 C
6
H

14

Time (min)

 CH
2
O

 C
6
H

6a 

a 

b 

b 



- 337 - 

torrefied briquettes and fuelwood where the correlation was found to be significant 

at P=0.01 confidence. The negative correlation was shown to be significant at a 

P=0.05 confidence interval for biomass briquette combustion. A similar trend is 

observed between O2 and fuel conversion rate where an increase in conversion 

corresponds with a reduction in O2. However, the Pearson’s correlation coefficients 

of -0.579, -0.716 and -0.436 for biomass briquettes, torrefied briquettes and 

fuelwood respectively indicate that this relationship is not statistically significant. 

A significant positive correlation is also presented between temperature and flue 

gas velocity whereby increased temperatures generally correspond with an 

increase in rate, particularly for biomass briquette and torrefied briquette fuels 

where r is equal to +0.852 and +0.807 respectively. A weaker correlation is 

presented between these variables during fuelwood combustion which is likely due 

to significant variation in conversion rates as identified in Figure 8.7. 

Flue gas temperature is an important indicator during the formation of gaseous 

emissions where an increase in temperature generally corresponds with a reduction 

in pollutant formation. For example, the correlation between combustion 

temperatures, HN3, CH4 and CO is shown to be statistically significant during 

biomass briquette combustion. In addition, variation in the recorded average batch 

temperature is shown to correlate with reductions in CH4, CH2O and C6H6 

emissions during torrefied briquette combustion . This indicates that improved 

conditions within the combustion chamber results in more complete burnout of 

combustion products.  

Given the complexity of fuelwood combustion, the flue gas temperature appears to 

maintain a limited control on certain pollutant formation indicating that alternative 

factors are controlling combustion conditions and emissions. Generally, a limited 

correlation between temperature, NOx and SO2 is presented further indicating that 

these pollutants are derived from fuel nitrogen and sulphur only and not through 

alternative thermal mechanisms. Only a weak correlation between O2 and pollutants 

is present for each of the fuels indicating that the significance of O2 availability was 

not sufficient to effect combustion conditions. Correlations between each of the 

pollutants formed during the combustion experiments is likely due to the change in 

combustion conditions only and is not indicative of an interaction between different 

pollutants.  

The statistical correlation for each of the examined combustion variables is shown 

in Table 8.7 for biomass briquettes, Table 8.8 for torrefied briquettes and Table 8.9 

for fuelwood. Statistical significance is presented as Pearson’s Correlation 

Coefficient for combustion parameters and emission results. r is the coefficient with 

values measured in terms of strength of correlation between -1 and +1. P is the 
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probability value (or P-value) applied as a measure of statistical significance. If the 

P-value is <0.05 the null hypothesis may be rejected (assuming that the null 

hypothesis states that there is no correlation between two variables). Upper and 

Lower relate to the upper and lower Bootstrapping for a 95% confidence interval 

and are applied as a secondary measure of statistical significance. 
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Table 8.7  Biomass briquettes, correlation matrix for combustion variables. 

 

Correlation is significant at the 95% level (2-tailed) * 

Correlation is significant at the 99% level (2-tailed) ** 
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S
O
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O

x
 

N
H
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Burning  
Rate 

r 
P 
Lower 
Upper 

1 
. 
. 

-.579 
.080 
-.813 
-.185 

.852** 
.002 
.358 
.992 

.755* 
.012 
.493 
.950 

-.833** 
.003 
-.953 
-.657 

-.676* 
.032 
-.867 
-.440 

-.491 
.150 
-.903 
.279 

-.578 
.080 
-.911 
-.060 

-.281 
.432 
-.867 
.519 

.166 

.647 
-.639 
.733 

-.846** 
.002 
-.935 
-.735 

O2 

r 
P 
Lower 
Upper 

-.579 
.080 
-.813 
-.185 

1 
. 
. 

-.661* 
.037 
-.888 
-.203 

-.825** 
.003 
-.927 
-.525 

.417 

.230 
-.347 
.785 

.477 

.164 
-.111 
.861 

.521 

.122 
-.007 
.868 

.547 

.102 

.041 

.897 

-.075 
.837 
-.541 
.469 

-.674* 
.033 
-.914 
-.056 

.595 

.070 
-.003 
.917 

Flue  
Temp. 

r 
P 

Lower 
Upper 

.852** 
.002 
.358 
.992 

-.661* 
.037 
-.888 
-.203 

1 
. 
. 

.875** 
.001 
.708 
.974 

-.896** 
.000 
-.984 
-.647 

-.886** 
.001 
-.955 
-.810 

-.845** 
.002 
-.990 
-.185 
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.000 
-.979 
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.105 
-.931 
.277 

.414 

.234 
-.429 
.886 

-.979** 
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-.992 
-.976 

Flue  
Velocity 

r 
P 
Lower 
Upper 

.755* 
.012 
.493 
.950 

-.825** 
.003 
-.927 
-.525 

.875** 
.001 
.708 
.974 

1 
. 
. 

-.747* 
.013 
-.957 
-.399 

-.722* 
.018 
-.881 
-.608 

-.735* 
.015 
-.934 
-.308 

-.743* 
.014 
-.905 
-.554 

-.209 
.562 
-.929 
.587 

.568 

.087 
-.502 
.958 

-.806** 
.005 
-.952 
-.689 

CO 

r 
P 
Lower 
Upper 

-.833** 
.003 
-.953 
-.657 

.417 

.230 
-.347 
.785 

-.896** 
.000 
-.984 
-.647 

-.747* 
.013 
-.957 
-.399 

1 
. 
. 

.749* 
.013 
.375 
.941 

.711* 
.021 
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.919 

.765** 
.010 
-.002 
.974 
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.888 
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.983 
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.712 

.889** 
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Lower 
Upper 
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-.111 
.861 
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-.881 
-.608 
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.013 
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.941 
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. 
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.975 

.879** 
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.720 
.989 

.741* 
.014 
.414 
.949 
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.164 
-.853 
.139 

.916** 
.000 
.804 
.980 

CH2O 

r 
P 
Lower 
Upper 

-.491 
.150 
-.903 
.279 

.521 

.122 
-.007 
.868 

-.845** 
.002 
-.990 
-.185 

-.735* 
.015 
-.934 
-.308 

.711* 
.021 
.249 
.919 

.908** 
.000 
.782 
.975 

1 
. 
. 

.965** 
.000 
.872 
.993 

.722* 
.018 
.370 
.955 

-.548 
.101 
-.971 
.371 

.852** 
.002 
.564 
.963 

C6H6 

r 
P 
Lower 
Upper 

-.578 
.080 
-.911 
-.060 

.547 

.102 

.041 

.897 

-.905** 
.000 
-.979 
-.750 

-.743* 
.014 
-.905 
-.554 

.765** 
.010 
-.002 
.974 

.879** 
.001 
.720 
.989 

.965** 
.000 
.872 
.993 

1 
. 
. 

.673* 
.033 
.295 
.930 

-.499 
.142 
-.939 
.579 

.909** 
.000 
.747 
.977 

SO2 

r 
P 

Lower 
Upper 

-.281 
.432 
-.867 
.519 

-.075 
.837 
-.541 
.469 

-.543 
.105 
-.931 
.277 

-.209 
.562 
-.929 
.587 

.617 

.057 

.016 

.888 

.741* 
.014 
.414 
.949 

.722* 
.018 
.370 
.955 

.673* 
.033 
.295 
.930 

1 
. 
. 

.050 

.891 
-.623 
.850 

.622 

.055 

.168 

.880 

NOx 

r 
P 
Lower 
Upper 

.166 

.647 
-.639 
.733 

-.674* 
.033 
-.914 
-.056 

.414 

.234 
-.429 
.886 

.568 

.087 
-.502 
.958 

-.008 
.983 
-.723 
.712 

-.477 
.164 
-.853 
.139 

-.548 
.101 
-.971 
.371 

-.499 
.142 
-.939 
.579 

.050 

.891 
-.623 
.850 

1 
. 
. 

-.357 
.311 
-.848 
.352 

NH3 

r 
P 
Lower 
Upper 

-.846** 
.002 
-.935 
-.735 

.595 

.070 
-.003 
.917 

-.979** 
.000 
-.992 
-.976 

-.806** 
.005 
-.952 
-.689 

.889** 
.001 
.684 
.975 

.916** 
.000 
.804 
.980 

.852** 
.002 
.564 
.963 

.909** 
.000 
.747 
.977 

.622 

.055 

.168 

.880 

-.357 
.311 
-.848 
.352 

1 
. 

. 
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Table 8.8  Torrefied briquettes, correlation matrix for combustion variables. 

 

Correlation is significant at the 95% level (2-tailed) * 

Correlation is significant at the 99% level (2-tailed) ** 
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.009 
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.139 
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-.021 
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P 

. 
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.002 .002 .009 .003 .643 .374 .129 
 Lower .522 -.957 -.952 -.963 -.593 -.506 -.841 

Upper .977 -.620 -.375 -.639 .758 .836 -.210 

O2 

r -.716* 
1 
. 
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-.902** -.870** .883** .624 .546 .534 -.658 -.779* .737* 
P .030 .001 .002 .002 .072 .128 .138 .054 .013 .023 
 Lower -.947 -.983 -.981 .311 -.380 -.469 -.405 -.817 -.964 -.016 
Upper .027 -.646 -.589 .991 .936 .914 .922 -.492 -.346 .980 

Flue  
Temp. 

r .807** -.902** 1 .975** -.707* -.844** -.802** -.791* .379 .726* -.848** 
P .009 .001  .000 .033 .004 .009 .011 .314 .027 .004 
 Lower .303 -.983 . .870 -.935 -.975 -.977 -.972 -.353 -.328 -.974 
Upper .966 -.646 . .999 -.206 -.547 -.392 -.442 .949 .967 -.621 

Flue  
Velocity 

r .867** -.870** .975** 1 -.658 -.852** -.792* -.813** .398 .696* -.823** 
P .002 .002 .000  .054 .004 .011 .008 .289 .037 .006 
 Lower .522 -.981 .870 . -.915 -.981 -.978 -.968 -.338 -.259 -.976 
Upper .977 -.589 .999 . -.158 -.550 -.307 -.497 .933 .969 -.603 

CO 

r -.534 .883** -.707* -.658 

. 

.418 .334 .302 -.722* -.674* .729* 
P .139 .002 .033 .054 .263 .379 .429 .028 .046 .026 
 Lower -.844 .311 -.935 -.915 -.625 -.612 -.659 -.908 -.924 .049 
Upper -.021 .991 -.206 -.158 .919 .885 .901 -.438 -.117 .987 

CH4 

r -.867** .624 -.844** -.852** .418 

 

.970** .986** -.015 -.449 .684* 
P .002 .072 .004 .004 .263 .000 .000 .970 .225 .042 
 Lower -.957 -.380 -.975 -.981 -.625 .866 . -.608 -.878 -.286 
Upper -.620 .936 -.547 -.550 .919 .998 . .647 .468 .988 

CH2O 

r -.803** .546 -.802** -.792* .334 .970** 1 .983** .124 -.340 .661 
P .009 .128 .009 .011 .379 .000  .000 .751 .371 .052 
 Lower -.952 -.469 -.977 -.978 -.612 .866 . .903 -.516 -.826 -.048 
Upper -.375 .914 -.392 -.307 .885 .998 . .999 .690 .457 .968 

C6H6 

r -.856** .534 -.791* -.813** .302 .986** .983** 1 .109 -.334 .622 
P .003 .138 .011 .008 .429 .000 .000  .780 .380 .074 
 Lower -.963 -.405 -.972 -.968 -.659 . .903 . -.531 -.834 -.214 
Upper -.639 .922 -.442 -.497 .901 . .999 . .678 .431 .969 

SO2 

r .180 -.658 .379 .398 -.722* -.015 .124 .109 1 .771* -.430 
P .643 .054 .314 .289 .028 .970 .751 .780  .015 .249 
 Lower -.593 -.817 -.353 -.338 -.908 -.608 -.516 -.531 . -.366 -.799 
Upper .758 -.492 .949 .933 -.438 .647 .690 .678 . .989 -.056 

NOx 

r .338 -.779* .726* .696* -.674* -.449 -.340 -.334 .771* 1 -.748* 
P .374 .013 .027 .037 .046 .225 .371 .380 .015  .020 
 Lower -.506 -.964 -.328 -.259 -.924 -.878 -.826 -.834 -.366 . -.923 
Upper .836 -.346 .967 .969 -.117 .468 .457 .431 .989 . -.351 

NH3 

r -.545 .737* -.848** -.823** .729* .684* .661 .622 -.430 -.748* 1 
P .129 .023 .004 .006 .026 .042 .052 .074 .249 .020  
 Lower -.841 -.016 -.974 -.976 .049 -.286 -.048 -.214 -.799 -.923 . 
Upper -.210 .980 -.621 -.603 .987 .988 .968 .969 -.056 -.351 . 
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Table 8.9  Fuelwood, correlation matrix for combustion variables. 

 

Correlation is significant at the 95% level (2-tailed) * 

Correlation is significant at the 99% level (2-tailed) ** 
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Burning  
Rate 

r 
1 
. 
. 

-.436 .207 .270 -.058 -.089 -.034 -.074 .070 -.034 -.154 
P .208 .566 .450 .873 .806 .926 .839 .847 .927 .671 
 Lower -.910 -.566 -.497 -.775 -.897 -.918 -.951 -.712 -.804 -.699 
Upper -.233 .977 .990 .355 .381 .465 .431 .526 .941 .131 

O2 

r -.436 1 -.810** -.846** .325 .413 .514 .542 -.057 -.402 .402 
P .208  .004 .002 .359 .236 .129 .106 .875 .249 .250 
 Lower -.910 . -.923 -.942 -.482 -.282 -.343 -.549 -.730 -.843 -.459 
Upper -.233 . -.638 -.678 .770 .805 .878 .926 .482 .383 .950 

Flue  
Temp. 

r .207 -.810** 1 .976** -.013 -.352 -.757* -.700* -.010 .545 .111 
P .566 .004  .000 .972 .318 .011 .024 .979 .103 .759 
 Lower -.566 -.923 . .881 -.657 -.813 -.900 -.849 -.692 -.104 -.690 
Upper .977 -.638 . .997 .538 .180 -.480 -.506 .620 .878 .668 

Flue  
Velocity 

r .270 -.846** .976** 1 -.187 -.436 -.777** -.750* -.082 .656* .015 
P .450 .002 .000  .606 .208 .008 .013 .822 .039 .967 
 Lower -.497 -.942 .881 . -.766 -.848 -.901 -.858 -.675 .123 -.763 
Upper .990 -.678 .997 . .374 .023 -.644 -.654 .555 .916 .625 

CO 

r -.058 .325 -.013 -.187 1 .745* .351 .523 .502 -.545 .722* 
P .873 .359 .972 .606  .013 .320 .121 .139 .103 .018 
 Lower -.775 -.482 -.657 -.766 . .461 -.278 -.124 -.011 -.953 .073 
Upper .355 .770 .538 .374 . .980 .959 .958 .981 -.046 .967 

CH4 

r -.089 .413 -.352 -.436 .745* 1 .714* .827** .813** -.622 .494 
P .806 .236 .318 .208 .013  .020 .003 .004 .055 .146 
 Lower -.897 -.282 -.813 -.848 .461 . .237 .456 .499 -.935 -.059 
Upper .381 .805 .180 .023 .980 . .983 .992 .965 -.302 .913 

CH2O 

r -.034 .514 -.757* -.777** .351 .714* 1 .954** .450 -.759* -.039 
P .926 .129 .011 .008 .320 .020  .000 .192 .011 .914 
 Lower -.918 -.343 -.900 -.901 -.278 .237 . .886 -.241 -.943 -.738 
Upper .465 .878 -.480 -.644 .959 .983 . .995 .916 -.503 .808 

C6H6 

r -.074 .542 -.700* -.750* .523 .827** .954** 1 .518 -.817** .112 
P .839 .106 .024 .013 .121 .003 .000  .125 .004 .758 
 Lower -.951 -.549 -.849 -.858 -.124 .456 .886 . -.062 -.977 -.681 
Upper .431 .926 -.506 -.654 .958 .992 .995 . .930 -.597 .850 

SO2 

r .070 -.057 -.010 -.082 .502 .813** .450 .518 1 -.470 .235 
P .847 .875 .979 .822 .139 .004 .192 .125  .171 .513 
 Lower -.712 -.730 -.692 -.675 -.011 .499 -.241 -.062 . -.953 -.456 
Upper .526 .482 .620 .555 .981 .965 .916 .930 . .076 .917 

NOx 

r -.034 -.402 .545 .656* -.545 -.622 -.759* -.817** -.470 1 -.003 
P .927 .249 .103 .039 .103 .055 .011 .004 .171  .994 
 Lower -.804 -.843 -.104 .123 -.953 -.935 -.943 -.977 -.953 . -.665 
Upper .941 .383 .878 .916 -.046 -.302 -.503 -.597 .076 . .590 

NH3 

r -.154 .402 .111 .015 .722* .494 -.039 .112 .235 -.003 1 
P .671 .250 .759 .967 .018 .146 .914 .758 .513 .994  
 Lower -.699 -.459 -.690 -.763 .073 -.059 -.738 -.681 -.456 -.665 . 
Upper .131 .950 .668 .625 .967 .913 .808 .850 .917 .590 . 
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8.4.5  Impact of Repeatability upon Results Confidence  

Statistical variance in the emission of gaseous species is shown in Figure 8.8-8.15 

for each of the three test fuel materials. The confidence interval plot is formulated 

as a function of the standard deviation for the sampled population. Unlike standard 

error, the standard deviation will often not reduce with an increase in population 

size and is instead dependent upon the emission factor values within the sample 

(Wang et al., 2014).   

The quantified emission of each pollutant species is generally shown to reduce with 

an increase in combustion temperature and this in turn is dependent upon total fuel 

mass throughput. Flue gas temperature increases with an increase in the mass 

throughput of fuelwood and biomass briquettes. As previously discussed, some 

oscillation is temperature is identified during the combustion of torrefied briquettes. 

Box plot series diagrams describe the effect of repeated batch testing on the 

distribution of emission factor results within an inventory sample.  

Width of confidence interval about the mean (CI) plots are applied as a measure of 

identifying the ideal number of batches required to determine the most accurate 

estimation of pollutant emission factor. Confidence curves representing confidence 

level (CL)=90% (P=0.1), CL=95% (P=0.05) and CL=99% (P=0.01) are applied for 

each of the pollutant species. As previously discussed, such curves are dependent 

upon sample values and the deviation of selected populations about the emission 

factor mean. The width of the confidence interval (CI) is affected by both the CL 

parameter and the sampling error. The sampling error is affected by both the 

sample size (n) and the variation in sample values. In response, the width of the CI 

generally (i) decreases with an increase in n, (ii) decreases when the sample 

standard deviation is reduced and (iii) increases with an increase in the CL 

(Giannoulis, 2019). A CL of 95% is generally applied during statistical evaluation 

and will be used as a method of comparison in this work (du Prel et al., 2009). 

8.4.5.1  Biomass Briquettes 

Results show a smaller width of the confidence interval with an increase in the CL. 

The CI is generally shown to reduce with an increase in the number of repeated test 

batches; this is evident at all CL parameters. The CI following three repeated 

batches is 53.4 g/kgfuel, 3.0 g/kgfuel, 1.0 g/kgfuel, 0.6 g/kgfuel, 0.1 g/kgfuel, 1.0 g/kgfuel, 

0.5 g/kgfuel and 0.2 g/kgfuel for CO, CH4, NOx, SO2, NH3, C6H6, CH2O and HCl 

respectively where CI=95%. The minimum CI for CH4 (CI=1.18 g/kgfuel), CH2O 

(CI=0.15 g/kgfuel) and HCl (CI=0.04 g/kgfuel) was observed following 10 repeat 

batches. The minimum CI for C6H6 was observed following 2 repeat batches in 
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response to the small standard deviation in emission factor values (σ=0.015 

g/kgfuel). The minimum CI values for other gaseous species where 16.4 g/kgfuel for 

CO following 8 repeats, 0.16 g/kgfuel for SO2 following 9 repeats and 0.05 g/kgfuel for 

NH3 following 7 repeats. An increase in the CI of CO was observed during TB9-10 

and thereby affecting the CI values of the remaining series. This occurs in response 

to reduced emission factor values during high temperature combustion. The 

average temperature observed between TB1-8 was 373±30°C with a corresponding 

average emission of 57±10 g/kgfuel. The combustion temperature continued to 

increase during latter repeats. The average temperature observed during TB9-10 

was 448±6°C with a corresponding average emission of 26±8 g/kgfuel. The 

increased temperature results in improved combustion conditions thereby inhibiting 

CO formation; low emission values are thereby presented during the latter repeats 

as shown in Figure 8.8a which correspond with an increase in the stand deviation. 

A similar process is displayed for SO2 and NH3. The increase in CI is therefore 

attributed to improved combustion conditions during prolonged stove operation. A 

minimum uncertainty of ±0.265 g/kgfuel is presented after only two test batches 

when quantifying C6H6 emission during biomass briquette combustion. The result is 

in response to the initial two test batches producing very similar emission factor 

results thereby inferring a very small standard deviation. A subsequent increase in 

the uncertainty is presented in Figure 8.13a following the addition of further test 

batches. As such, the standard deviation may increase significantly with a notably 

changed combustion conditions in response to prolonged stove operation or 

unpredictable combustion events. 

8.4.5.2  Torrefied Briquettes 

Similar to the results previously discussed, a lower CI is displayed with an increase 

in the CL; additionally, the CI is generally shown to reduce with an increase in the 

number of repeated tests undertaken. The CI following three repeated batches is 

107.6 g/kgfuel, 2.3 g/kgfuel, 1.7 g/kgfuel, 1.8 g/kgfuel, 0.3 g/kgfuel, 2.0 g/kgfuel, 0.7 g/kgfuel 

and 0.5 g/kgfuel for CO, CH4, NOx, SO2, NH3, C6H6, CH2O and HCl respectively 

where CI=95%. The minimum confidence interval is generally found to occur within 

the largest sample size. The minimum CI for CO (CI=44.6 g/kgfuel), NOx (CI=0.45 

g/kgfuel), SO2 (CI=0.53), NH3 (CI=0.11) and HCl (CI=0.16 g/kgfuel) was observed 

following 9 repeat batches. The minimum CI for CH4 and was observed following 6 

repeat batches while the minimum CI for C6H6 was observed following 7 batches. 

The increase in the width of the CI for these organic species occurs in response to 

an increase in the standard deviation caused by significantly higher emission factor 

values during the TB7-9. In contrast to more efficiently burning biomass briquettes, 
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the increase in CI is attributed to inhibited combustion conditions during prolonged 

stove operation. 

8.4.5.3  Fuelwood 

The CI following three repeated batches is 56.6 g/kgfuel, 5.1 g/kgfuel, 0.7 g/kgfuel, 1.2 

g/kgfuel, 0.2 g/kgfuel, 1.7 g/kgfuel, 1.8 g/kgfuel and 0.2 g/kgfuel for CO, CH4, NOx, SO2, 

NH3, C6H6, CH2O and HCl respectively where CI=95%. The minimum confidence 

interval is generally found to occur within the largest sample size. The minimum CI 

for CH4 (CI=1.18 g/kgfuel), NOx (CI=0.22 g/kgfuel), SO2 (CI=0.24 g/kgfuel), NH3 

(CI=0.04 g/kgfuel), C6H6 (CI=0.61 g/kgfuel), CH2O (CI=0.62 g/kgfuel) and HCl (CI=0.04 

g/kgfuel) was observed following 10 repeat batches. The minimum CI for CO was 

observed following 7 repeat batches due to the presence of higher emissions during 

TB8 . The presence of this outlying emission factor values increases the standard 

deviation of the larger inventory thereby increasing the CI. 
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Figure 8.8  Variation in CO emission (g/kgfuel) dependent upon number of test 

repeats (n) and combustion temperature (°C). Whisker intervals present 
values one standard deviation from the numerical mean. (a) Biomass 

briquettes, (b) Fuelwood and (c) Torrefied briquettes. 
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Figure 8.9  Variation in CH4 emission (g/kgfuel) dependent upon number of test 

repeats (n) and combustion temperature (°C). Whisker intervals present 
values one standard deviation from the numerical mean. (a) Biomass 

briquettes, (b) Fuelwood and (c) Torrefied briquettes. 
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Figure 8.10  Variation in NOx emission (g/kgfuel) dependent upon number of test 
repeats (n) and combustion temperature (°C). Whisker intervals present 
values one standard deviation from the numerical mean. (a) Biomass 
briquettes, (b) Fuelwood and (c) Torrefied briquettes. 
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Figure 8.11  Variation in SO2 emission (g/kgfuel) dependent upon number of test 
repeats (n) and combustion temperature (°C). Whisker intervals present 

values one standard deviation from the numerical mean. (a) Biomass 
briquettes, (b) Fuelwood and (c) Torrefied briquettes. 
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Figure 8.12  Variation in NH3 emission (g/kgfuel) dependent upon number of test 
repeats (n) and combustion temperature (°C). Whisker intervals present 

values one standard deviation from the numerical mean. (a) Biomass 
briquettes, (b) Fuelwood and (c) Torrefied briquettes. 
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Figure 8.13  Variation in C6H6 emission (g/kgfuel) dependent upon number of test 
repeats (n) and combustion temperature (°C). Whisker intervals present 

values one standard deviation from the numerical mean. (a) Biomass 
briquettes, (b) Fuelwood and (c) Torrefied briquettes. 
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Figure 8.14  Variation in CH2O emission (g/kgfuel) dependent upon number of test 
repeats (n) and combustion temperature (°C). Whisker intervals present 

values one standard deviation from the numerical mean. (a) Biomass 
briquettes, (b) Fuelwood and (c) Torrefied briquettes. 
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Figure 8.15  Variation in HCl emission (g/kgfuel) dependent upon number of test 
repeats (n) and combustion temperature (°C). Whisker intervals present 

values one standard deviation from the numerical mean. (a) Biomass 
briquettes, (b) Fuelwood and (c) Torrefied briquettes. 
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8.5  Discussion    

8.5.1  Variance in Combustion Conditions  

The combustion of biomass in small domestic appliances is a complex process 

which may be influenced by number of variables some of which may be directly 

attributed to the user. Notwithstanding, undertaking combustion experiments under 

standardised conditions attempts to impose uniformity and generate repeatable 

results. Experimental accuracy and precision refers to the closeness of measured 

values to a true and representative value as well as the repeatability of such results 

(Trojanowski et al., 2018). Increasing the number of tests undertaken may therefore 

be applied as a method of improving the validity of emission inventories.  

In this work, combustion conditions have been shown to change significantly 

between testing batches. Temperatures within the firebox where noted to be 

significantly higher during prolonged stove testing in contrast with temperatures 

observed following standard testing practices, and were found to be within the 

range outlined in previous work (Ozgen et al., 2014; Fachinger et al., 2017). The 

recorded combustion temperature was found to be similar between fuelwood and 

biomass briquettes (Figure 8.16). The combustion of torrefied briquettes leads to 

high temperatures which are comparable to that of the other fuels however the 

temperature was found to decrease during prolonged stove use. In addition, the 

temperature profiles are significantly different between the torrefied and biomass 

fuels. Biomass materials appear to combust at high flaming temperatures and 

moderate smouldering temperatures, while torrefied fuels provide for hotter initial 

temperatures followed by a prolonged period of cooler smouldering combustion. 

This profile is presented in Figure 8.16 where the process is likely related to the 

high volatile content of biomass fuels in contrast to torrefied materials as identified 

in Table 8.2 and presented within the literature (Maxwell et al., 2020). The higher 

maximum combustion temperatures observed for briquetted fuels is likely related to 

the large surface of the constituent particles, and friability of the material structure. 

Flue gas temperatures, applied as a proxy for combustion temperature, measured 

in this work are higher than those presented in the literature likely because of the 

prolonged heating time and higher total fuel throughput. Ozgen et al. (2013), 

Fachinger et al. (2017) and Maxwell et al. (2020) present average flue gas 

temperatures in the range of 182-360°C from a three-test batch cycle for torrefied, 

briquetted and fuelwood materials. Significantly lower temperatures are presented 

for materials similar to those used in this study following a single batch of fuel in the 

same combustion device (Mitchell et al., 2016). Previous work has also noted 

increased temperatures during the combustion larger batches of fuel, however little 
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work has been undertaken on the cumulative heating effect of multiple batches on 

emissions and, in the case of this study, repeatability of results. 

Burning rates (kg/hour) were shown to vary between fuels and as a function of the 

combustion temperature. Fuelwood logs burned at a rate similar to those outlined 

during previous work (Mitchell et al., 2016) while torrefied briquettes burned at a 

slower rate than during previous testing (Maxwell et al., 2020). Though O2 

availability is most commonly identified as a rate-limiting factor affecting fuel 

conversion there is also a relationship between combustion zone temperature and 

burning rate where the primary air supply is sufficient (Koppejan and Loo, 2008). 

Figure 8.16-8.18 identifies the time series profiles of burning rate, combustion 

temperature and O2 availability. Burning rate generally follows combustion 

temperature which is shown to increase as a function of the period of stove use for 

biomass briquette and fuelwood. In contrast, burning rates were shown to reduce 

during prolonged stove operation when torrefied briquettes were applied. Previous 

work by Calvo et al. (2015) outlined the relationship between combustion 

temperature and the rate of fuel conversion and also noted the influence of these 

processes on the formation of pollutant emissions. Generally stated, an increase in 

the combustion temperature causes, and is caused by, an increase in the fuel 

conversion rate. Given appropriate O2 availability, such processes result in 

improved conditions and so decrease pollutant emission. 

Fuel moisture content is often identified as a control on burning rate during the 

combustion of biomass (Price-Allison et al., 2019). Biomass briquettes, presenting a 

lower MC% (5.45±0.1) generally burn at a similar temperature with similar O2 

availability when compared with fuelwood maintaining a higher MC% (17.45±1.43). 

The high O2 availability during biomass briquette combustion may be in response to 

stove underloading. Fachinger et al. (2017) highlights the potential detrimental 

consequences of fuel loading on stove performance and emission formation during 

the flaming phase of combustion. An increase in the air-to-fuel ratio within the 

combustion zone, likely observed during biomass briquette combustion, may lead to 

reduced temperatures and improved oxygen availability. An increase in the load 

capacity during biomass briquette combustion may have resulted in higher 

combustion temperatures resulting in the rapid conversion of fuel thereby inhibiting 

O2 availability. The impact of this is often an increase emission formation. Variation 

in burning rate between individual batches is presented in Figure 8.18. In cases 

where very dry fuel is combusted, or stoves are overloaded the increased burning 

rate and temperature may inhibit O2 availability and product retention time within the 

combustion zone resulting in higher pollutant formation (Nussbaumer et al., 2008; 

Pettersson et al., 2011; Shen et al., 2013; Ozgen et al., 2014; Fachinger et al., 
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2017). Higher burning rates are generally not observed when testing to a standard 

procedure when the total fuel throughput is limited to just three test batches. 
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Figure 8.16  Variation in flue gas temperature (°C) as a function of time. 
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Figure 8.17  Variation in O2 concentration (vol-%) as a function of time. 
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Figure 8.18  Variation in the average fuel burning rate (kg/hour) as a function of 
time. 
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The influence of fuel conversion rate, stove temperature and O2 availability on 

pollutant emission formation has been widely discussed within the literature 

(Nussbaumer et al., 2008; Pettersson et al., 2011; Ozgen et al., 2014; Fachinger et 

al., 2017; Olave et al., 2017). Specifically, Olave et al. (2017) identifies the 

relationship between increased combustion temperatures and reduced pollutant 

formation. Changes in such conditions affect the fundamental processes influencing 

the extent to which combustion products are completely consumed in the oxidation 

reaction as outlined in Smith (1987). CO fluctuation between batches is in response 

to variation in conditions within the combustion zone. CO formation during the 

combustion of biomass briquettes and fuelwood is generally shown to decline with 

an increase in fuel throughput due to an increase in the combustion temperature. 

Parallels between CO formation, combustion temperature and MCE suggest that a 

greater fraction of the fuel carbon is converted as CO2 when combustion 

temperatures are increased. The presence of such conditions shows a prolonged 

period of flaming combustion for higher fuel throughputs. It is likely that reduced CO 

emissions would not be observed during standard testing practices before an 

optimum stove temperature is reached. CO formation was generally higher during 

torrefied briquette combustion. Given the lower volatile content associated with 

torrefied materials (Ibrahim et al., 2013), the material burns more similar to coal, 

allowing for a short flaming phase and a prolonged smouldering phase. 

Notwithstanding, the combustion of torrefied fuel and resulting CO formation is still 

influenced by combustion conditions and temperature. Similarly, variability in 

alkane, benzene and aldehyde species between test batches is due to changes in 

combustion conditions over the testing period, which promotes their oxidation to 

form CO2 and H2O.    

NOx and SO2 formation was related to the fuel nitrogen and sulphur content. Given 

the relatively low average combustion temperatures (Mitchell et al., 2016), fuel-NOx 

is identified as the dominant source. Only limited fluctuation in emission levels 

between test batches is identified suggesting that the NOx and SO2 formation 

pathway is unaffected by changes in combustion conditions brought about by an 

increase in stove operation time. In addition, combustion temperatures are not 

suitably high for the formation of significant quantities of thermal NOx (Koppejan 

and Loo, 2008) as identified in Table 8.10. Skreiberg et al. (1997) and Houshfar et 

al. (2011) show that excess air and increased O2 availability can increase NO and 

NOx formation. In the current work, though O2 availability is known to fluctuate 

within the stove during testing, there is very little variance in NOx. This process is 

described in Figure 8.19 showing the fluctuation in O2 and temperature as well as 

the rate of NO and SO2 formation. Correlation results do indicate a positive effect of 

increased O2 availability on NOx formation in biomass briquette and torrefied fuel 
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combustion, however not in fuelwood logs. Given that all combustion variables 

differ significantly between batches and increased NOx is also identified during later 

batches where combustion temperatures are highest it is likely that for the current 

conditions, variance in NOx and SOx emission factors remain unaffected by 

temperature, O2 availability and burning rate fluctuation. An example of the non-

dependency relationship between temperature, NOx and SO2 is presented in Table 

8.10. Torrefied briquette fuel has the highest N-content, and lower values are found 

in the biomass fuels, with similar findings commonly presented in the literature 

(Sommersacher et al., 2012). Corresponding NOx emission factors are presented 

whereby those for torrefied fuel are the highest, followed by fuelwood and biomass 

briquette fuel. 

 

Table 8.10  Temperature, NOx and SO2 results observed during each test during 
biomass briquette combustion. 

Batch No. Ave. Flue Gas Temp. 

 (°C) 

NOx 

(g/kgfuel) 

SO2  

(g/kgfuel) 

1 330.9 1.4 1.1 

2 346.7 1.17 1.05 

3 352.4 1.6 0.9 

4 390.0 1.45 0.79 

5 360.9 1.4 1.1 

6 394.1 1.57 0.87 

7 399.1 1.7 1.0 

8 415.5 1.50 0.93 

9 451.9 1.8 1.0 

10 443.2 1.29 0.70 

 

Here, NO and SO2, are measured as an approximation of NOx and SOx, and these 

are higher during the flaming phase of combustion compared to significantly lower 

levels during the smouldering phase (char combustion). Mitchell et al. (2016) 

identifies similar findings whereby flaming phase NOx was between 46-56% higher 

than smouldering phase NOx during the combustion of fuelwood. Analysis of 

average combustion conditions and subsequent pollutant emission factors revealed 

a limited relationship whereby in most cases correlations between temperature, 

NOx and SO2 are not significant. Similarities in the variation in temperature trends 

and pollutant formation are observed however the fluctuation in emissions is likely 

only in response to the rate of fuel conversion, a factor which is both controlled and 

controlled by the temperature. 
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Figure 8.19  Variation in NO, SO2 and O2 concentration and temperature during the 

combustion of biomass briquettes.  
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Hydrocarbon and VOC emissions are shown to reduce with an increase in 

combustion temperature. As such, higher concentrations are present during the 

initial phases of combustion and when the stove is in the process of heating up. 

Given appropriate combustion conditions, CH4 and other non-methane volatile 

organic compounds (NMVOC) species behave as an intermediate between fuel 

carbon and fuel hydrogen and, during complete combustion, CO2 and H2O 

(Koppejan and Loo, 2008). The combustion temperature is a rate limiting factor in 

the reaction rates of hydrocarbon species and, as a result, in the total emission. 

Other combustion parameters, including residence time within the combustion 

zone, also affect hydrocarbon emissions; where adequate O2 is available, the 

temperature is identified as the rate limiting control (Koppejan and Loo, 2008). 

Olsson et al. (2003) studied CH4 emission between different combustion devices 

with higher concentrations generally associated with lower combustion 

temperatures. Similarly, Evtyugina et al. (2014) identifies significant differences in 

VOC formation during the combustion of three fuelwood species producing a range 

of combustion temperatures. The combustion of oak fuelwood produced a low 

temperature of 307°C and the highest emission, poplar combustion produced a 

moderate temperature of 371°C and moderate emission formation and beech 

produced a high temperature of 441°C and the lowest emission.  

High VOC emission concentrations (Figure 8.20) were observed following the 

addition of subsequent test material onto a bed of char. During the initial stages, the 

new batch of fuel is undergoing low temperature endothermic pyrolysis which 

results in the formation of high emission concentrations, since temperatures are 

below the temperature threshold required for ignition and more efficient combustion 

(Evtyugina et al., 2014). This was also seen by Ozgen and Caserini (2018) and high 

emissions during reloading were explained by lower combustion temperatures and 

high excess air. These observations were present throughout the testing series 

illustrating the potential impact of fuel properties, for example fuel moisture content, 

on temperature and emissions. Figure 8.20a,b provides a summary of the effect of 

combustion temperature on pollutant emissions . The reduction in emissions during 

prolonged testing is in response to improved combustion conditions predominantly 

controlled by an increase in combustion temperature. 
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Figure 8.20  The effect of combustion temperature (°C) on emissions from VOC 
and hydrocarbon species. The effect of temperature on CH4 emissions (a) is 

presented for each of the test fuels which the linearity of decay (b) 
incorporates all fuels.  
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8.5.2  Effect of number of repeats upon results confidence  

Figure 8.21 displays the variation in the width of the confidence interval where 

P=0.05 between different fuel types. Similarly, the CI for individual fuel types is 

presented in Figure 8.8-8.15. As previously discussed, the CI is affected by the 

number of repeats undertaken with both improved and inhibited combustion 

conditions affecting the result confidence. Significant improvement in the 

combustion conditions during prolonged stove use can lead to lower emission 

formation the level of which is below that observed during previous batches; this 

leads to an increase in σ thereby affecting the CI. Inversely, significant inhibition in 

the combustion conditions can lead to higher emission formation the level of which 

is above that observed during previous batches; this leads to an increase in σ 

thereby affecting the CI. 
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Figure 8.21  Variation in the width of the confidence interval about the mean (CI) 
where P=0.05 (CL=95%)  
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8.5.2.1  Impact of inventory sample size upon repeatability  

The CI is shown to reduce with an increase in the number of test batches. 

Generally, the most significant reduction in the CI is presented following the 

introduction of a third test-batch while subsequent test-batches provide a less 

significant reduction in the CI. This trend is generally observed for each of the fuels 

and for each pollutant species. The CI is affected by the size of the sample 

inventory and the CL (Giannoulis, 2019). It is assumed that the larger the size of the 

sample inventory the greater the statistical precision and the narrower the CI; the 

inverse is therefore presented for inventories maintaining a smaller sample size 

(Gupta, 2015). Inventory values for biomass briquettes (Chapter 8.4.5.1) and 

fuelwood (Chapter 8.4.5.3) appears to follow the trend outlined within the literature 

whereby an increase in n results in a reduction in CI (Gupta, 2015; Matsuyama, 

2018; Giannoulis, 2019). The trend in CI relative to n is more variable with regards 

to the torrefied briquette fuel as shown in Chapter 8.4.5.2. An increase in the CI is 

presented following the addition of TB7 and TB8. This process is particularly 

prevalent for hydrocarbon and formaldehyde species. In this case, the CI is 

inversely proportional to the standard deviation of inventory values about the mean. 

The formation of outlier emission results during prolonged stove operation, 

including values both significantly higher and lower than the mean value, result in 

an increase in the standard deviation thereby reducing the precision of statistical 

estimations. Less significant increases in the CI are also found during prolonged 

stove testing of biomass briquettes and fuelwood. 

8.5.2.2  Impact of fuel type upon repeatability   

Biomass briquettes were tested as an example of a highly homogeneous fuel 

material while fuelwood was tested due to variability in particle size and mass. 

Torrefied fuel briquettes were composed of small cobbles which where variable in 

size and composition (Trubetskaya et al., 2019). The torrefied fuel created a 

uniform bed which was simple to replicate because of the small size of the cobble 

particles. As such, it was assumed that the combustion reaction would be similar 

between test-batches. The initial hypothesis was that the changeable structure of 

the fuelwood would lead to significant differences in the emissions during the 

combustion reaction while the biomass briquettes would lead to more repeatable 

results. Given the homogeneity of briquetted materials and heterogeneity of 

fuelwood logs it postulated that combustion emissions would be more variable in 

logs than in briquetted fuels. The numerical range of emission factor results are 

presented in Table 8.11 for each of the three fuel materials. 
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Table 8.11  Numerical range (g/kgfuel) of emission factor results for each fuel. 

Fuel CO CH4 CH2O C6H6 SO2 NOx NH3 

(mg/g) 

PMt 

Biomass 

Briquettes 

53.07 2.23 0.30 0.63 0.40 0.58 0.13 1.59 

Torrefied 

Briquettes 

92.19 3.01 0.55 2.59 0.84 0.88 0.21 0.57 

Fuelwood 

Logs 

49.71 2.46 1.16 1.06 0.46 0.41 0.10 1.41 

 

The combustion of biomass briquette and fuelwood materials resulted in the 

formation of a lower quantity of CO when compared with torrefied fuel. Mitchell et 

al. (2016) identified a uniform rate of thermal conversion and emission formation 

during the combustion of torrefied fuels when compared to a raw biomass material. 

The process of torrefaction results in the decomposition of highly reactive 

components, within a biomass material (Prins et al., 2006), resulting in a loss of 

volatile matter and an increase in the fraction of fixed carbon as shown in Table 

8.2. Both Mitchell et al. (2016) and Maxwell et al. (2020) observed a reduction in 

CO emissions during the combustion of torrefied materials. In contrast, in the 

current work, higher CO emissions were observed across a wider numerical range  

together with a reduced flaming phase and a prolonged smouldering phase (a 

consequence of the lower volatile matter). The high moisture content of the torrefied 

fuel studied here is a contributing factor in this, resulting in poor ignition and lower 

combustion temperatures. A similar finding is shown for other gaseous pollutants 

whereby difficult ignition and extended smouldering phases results in higher 

pollutant formation and a greater range in emission factor results.  

The biomass briquettes present the most consistent characteristics, in terms of size 

and mass, however a large range in results is still observed. It is thought that this is 

because of the incremental increase in the combustion temperature which results in 

improved combustion conditions. Fuelwood logs are the most inconsistent in terms 

of shape and mass and these also show a large range of emission factor values. 

Figure 8.22 shows the distribution of emission factor values and standard error for 

each of the fuel materials. Though initially hypothesised that fuel type will present a 

significant control on combustion repeatability, the inherent combustion process 

appears to maintain the greatest impact. Generally, homogenous fuels appear to 

burn more consistently however changes in the stove conditions during an 

experiment result in greater discrepancy and, as a result, a reduction on 

repeatability. Generally, the combustion of biomass briquettes leads to the 
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formation of reduced emissions in contract to fuelwood and torrefied briquettes. In 

addition, the observed range in emission factor values is generally lower in 

response to the homogeneity of the material resulting in uniformity of the 

combustion reaction between batches. Though torrefied briquettes are also an 

example of a homogeneous fuel the impact of a higher moisture content may have 

inhibited combustion conditions and uniformity of the combustion reaction between 

batches. Mitchell (2017) provides a summary of the range and variation in emission 

factor values reported within the literature. Though some correlation of stove 

conditions and pollutant formation is reported there. The current work highlights the 

importance of stove processes, specifically combustion temperature, on emission 

factor values. 

 

Figure 8.22  Variation in emission factor (g/kgfuel) results for PM and gaseous 
species. The upper and lower whisker bound present the maximum and 

minimum recorded emission factor while the box identifies the standard error. 

• presents individual recorded emission factor results. B is biomass 
briquettes, F is Fuelwood and T is Torrefied briquettes.   
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during prolonged testing can lead to the formation of outliers within the emission 

factor series thereby affecting the CI. Both improved and degraded combustion 

conditions can have this affect. The development of variable quality of combustion 

conditions during a prolonged combustion reaction can have a statistically 

significant impact on the formation of outlier results and, as a result, the CI. Figure 

8.20 outlines the importance of combustion temperature on emission formation 

while Figure 8.19 displays the effect of prolonged stove operation on combustion 

temperature. Prolonged combustion testing of fuelwood and biomass briquettes, 

described in Figure 8.16, corresponds with a gradual increase in the combustion 

temperature leading to a reduction in emission formation with an increase in fuel 

throughput. As a result, prolonged stove testing can result in an increase in the CI 

however the effect is not pronounced. Alternatively, a reduction in the combustion 

temperature is observed with an increase in the throughput of torrefied briquettes 

due to the higher moisture content. Detrimental combustion conditions displayed 

during prolonged testing result in emission formation significantly different from the 

statistical average. In response, the standard deviation of values about the 

statistical average result in a broadening of the CI; this leads to a reduction in 

precision. 

The complexity of biomass combustion inhibits repeatability in small-scale 

combustion experiments. Consequently, there is in significant range of emission 

factor values presented within the literature (Mitchell, 2017). Previous work has 

outlined the need for large sample sizes when attributing emission factor values as 

a method of reducing error (Pettersson et al., 2011; Wang et al., 2014; Stewart, 

2017). Alternatively, the inherent variability of biomass combustion may mean that 

increasing the number of costly and time-consuming tests will not improve 

confidence in emission factor results (Coulson et al., 2015). As previously 

discussed, a series of 9-10 combustion experiments were undertaken for each of 

the three test fuels with resulting emission factors displayed in Figure 8-15. The 

pollutant emission is influenced by temperature, burning rate and O2 availability, 

and combustion conditions vary as a function of operating period and fuel mass 

throughput. Biomass briquette and fuelwood combustion appears to produce 

generally consistent results whereby pollutant formation is reduced with an increase 

in stove operating period. Even so, results which vary significantly from the mean 

value may occur with an increase in the number of batches which can be attributed 

to either improved or inhibited combustion conditions. Difficulty in torrefied briquette 

ignition contributed to significantly higher emissions during prolonged batch testing 

indicating that the number of batches applied within an individual test should be 

specific to the type of fuel combusted.  
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The variance in torrefied briquette emissions during prolonged combustion creates 

outlier results thereby skewing the standard deviation of the population around the 

mean. This happens both when the stove is cool and producing very high 

emissions, and when the stove is hot and producing very low emissions. Though 

standard error is likely to reduce with an increase in the sample size, the standard 

deviation is unaffected and varies in response to the fluctuation in individual 

emission factor values (Wang et al., 2014). As such, an increase in the width of 

confidence may occur with an increase in the number of tests undertaken in 

response to significantly different combustion conditions. Though variation is 

observed during prolonged heating, the confidence is significantly improved when 

compared to the standard three batch testing results commonly applied with the 

literature.   

Estimating emission factor confidence by the application of replicant testing is 

shown to be a complex process with accuracy centred primarily on combustion 

temperature. An increase in the combustion temperature is generally observed 

during prolonged stove operation thereby creating favourable combustion 

conditions and minimising emissions. Alternatively, independent combustion events 

may affect the combustion process at any point during the experimental procedure 

resulting in variance in the derived emission factor results. It therefore stands to 

reason that similarly undertaking three test batches is not enough for accurate 

emission factor estimation given the prolonged heating requirements of small-scale 

combustion devices. However, attributing a specific number is impossible given the 

inherent dynamicity of the combustion reaction. Results from this work appear to 

suggest that an increase in the number of batches leads to an increase in results 

confidence, however that confidence is dependent upon both changes in stove 

conditions and independent combustion events. As such, combustion experiments 

should be undertaken until (a) average combustion temperatures (recorded on a 

batch basis) are maintained at a constant rate and (b) enough test batches are 

completed for the complete series to be considered statistically significant. In the 

case of small-scale domestic combustion, the number of completed batches should 

only incorporate values which are consistent amongst other batch testing results 

where anomalous events are disregarded from the series. 

8.6  Conclusion 

operational performance and pollutant emissions from domestic heating appliances 

is known to be highly variable. The testing of such devices is commonly associated 

with a high degree of discrepancy when evaluating emission data leading to poor 

repeatability and low results confidence. The following chapter assesses the 
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variability in emissions and stove performance when a repetitive testing approach is 

applied. A review of variation in emission factors is presented for three different 

materials common to the UK fuels market. A total of two testing series were 

undertaken for each of the fuels with a series incorporating a pre-test batch 

followed by four-five subsequent test batches. Results suggest notable variation in 

the combustion conditions during an experiment with combustion temperature 

identified as a significant control. An increase in temperature was observed with an 

increase in the total throughput of fuel through the stove device. It was found that 

higher temperatures generally corresponded with a reduction in pollutant emissions. 

Several unforeseeable combustion events were observed during the testing series 

leading to outlier results. An increase in the number of repeats undertaken leads to 

an increase in results confidence however results can become unclear during 

prolonged stove testing in response to changing stove conditions and the presence 

of outlier results. Results of the investigation suggest that undertaking three test 

batches, a method most commonly applied with the literature, may lead to an over-

estimate in emission factor values given the effect of prolonged heating 

requirements in small-scale devices. Increasing the number of replicants is 

therefore advisable however results should be presented in conjunction with 

corresponding stove conditions. The following conclusions are outlined as: 

i. Combustion conditions are shown to change significantly between 

batches during prolonged stove testing. Such changes mean that the 

testing parameters are not consistent between fuel batches. Stove 

testing is shown to be complex and unpredictable with unpredictable 

events potentially skewing results, thereby limiting confidence.  

Combustion temperature is shown to be a controlling factor in pollutant 

formation with higher combustion temperatures observed during an 

increase in the throughput of fuel material.  

ii. NOx and SOx emissions are governed by the FuelN and FuelS 

respectively. 

iii. Emission factors are fundamentally controlled by the combustion 

temperature and independent, or uncontrollable, events.  

iv. The torrefied briquette fuel studied here was not typical since it had high 

moisture content which meant combustion conditions were poor and 

emissions consequently higher than expected. For the other two fuels 

studied, the wood briquettes gave the most consistent combustion 

repeatability (in terms of emission factors of pollutants), and the 

fuelwood logs the worst.  So, it does appear that fuel type impacts on 

emission factors, not least since it is intimately linked to the consistency 

of combustion conditions, including temperatures.  
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v. Regarding repeatability, increased stove temperatures, likely caused by 

long term stove operation, presents a detrimental effect. Prolonged 

combustion activity results in conditions that differ significantly from 

those observed during the application of earlier test batches. It is 

therefore likely that the testing of stove emission performance with three 

or less test batches may not be sufficiency to ensure optimal 

temperature. As such, the derived emission factor values may over-

estimate likely pollutant emissions when compared with stove devices 

operated over a prolonged period of time. Similarly, only burning a small 

number of batches, a process commonly applied in the UK, may result in 

higher emissions due to lower combustion temperatures meaning that 

accredited emission factor values could be considered an under-

estimate.  

vi. An increase in the number of test-batches generally results in a 

reduction in the width of the confidence interval thereby increasing the 

statistical precision of the emission result. However, changes in the 

condition of the combustion zone during prolonged testing can positively 

or negatively affect the emission formation. This can lead to highly 

changeable emissions which can affect the CI thereby negating the 

effect of repetitive batch testing. Therefore, it is the quality of the 

combustion reaction (per batch) which has a greater effect on 

repeatability than the type of fuel combusted. 

vii. Stove testing procedures should consider the impact of applied fuel 

mass, on both an individual batch and a batch-by-batch basis, on the 

impact upon combustion temperatures and formation of derived pollutant 

products. The recommended solution would thereby be that stove users 

should continue to implement the pre-test-batch followed by x3 test-

batch standard procedure however a greater number of tests should be 

undertaken. This would negative the effect of prolonged stove testing on 

the combustion zone. However, this method would only be 

representative of controlled operating conditions and not be 

representative of stove performance in cool countries where a device 

may run for a prolonged period. 
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Chapter 9 

Concluding Remarks and Future Work   

9.1  Conclusions    

9.1.1  Measurement of Moisture in Fuelwood  

Fuelwood MC is determined via an oven-drying approach outlined in BS EN ISO 

18134-2 and using a digital moisture probe. MC is highly variable within logs with  

values noted to change across the dimensions of a single log. Discrepancy in 

particle MC using a probe may occur depending on particle size, location of 

sampling point and placement within a storage pile. It is difficult to accurately 

determine the moisture content of fuelwood for the purpose of combustion testing. 

The destructive nature of accurate MC% determination by proximate analysis 

means that the particles sampled for analysis are not the same as the fuelwood 

logs applied during combustion experiments. Therefore, there is a high likelihood 

that the MC value will not be representative of the fired fuelwood. This is a 

significant limitation in the application of oven-drying of fuels to be characterised for 

the purpose of combustion testing given the substantial effect of moisture upon the 

combustion reaction. As such, the use of moisture probe devices should be 

considered for all proximate and fired fuelwood particles to assess approximate 

homogeneity of moisture content.     

9.1.2 Impact of Moisture on Combustion Conditions 

Combustion conditions were found to be directly affected by the fuelwood MC. 

Evidence of this affect is presented in Chapter 5-Chapter 8. Generally, an increase 

in fuelwood MC resulted in a reduction in combustion temperature and a slowed 

burning rate. In addition, MCE was shown to be lower when MC was increased 

while O2 was shown to be higher. Combustion temperature is controlled by fuel MC 

and is outlined as the most significant factor affecting pollutant emission formation 

in this study.     

9.1.3 Impact of Moisture on Gaseous Emissions 

Ecodesign Directive (2009/125/EC) sets limits for particulate and gaseous 

emissions from domestic biomass combustion appliances . The current limits 

outlined in EU 2015/1185 and under the directive are 2.4 g/kgfuel for PM emissions 

(may be 5 g/kgfuel depending upon sampling method), 996 g/GJ (~18.4 g/kgfuel) for 
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CO, 80 g/GJ (~1.48 g/kgfuel) for total hydrocarbons and 113 g/GJ (~2.09 g/kgfuel) for 

NOx.  

A summary of the primary findings relating to the effect of MC on gaseous 

emissions is presented below. All data refers to the combustion of fuelwood when 

the stove is operating under nominal conditions. It should be noted that the 

appliance used in this study is of an older design which predates the current 

Ecodesign legislation. As such, the stove is generally not expected to meet the 

emission requirements under EU emission directives.  

Emission factors are presented in g/kgfuel dry at STP. A correction factor of 0.88 is 

applied for results collected in Chapter 8 for direct comparison with other data.   

9.1.3.1 CO   

Carbon monoxide emissions were found within the range identified within the 

literature. The emission of CO is generally associated with poor combustion quality 

and smouldering-type reactions (Mitchell et al., 2016). CO is an intermediate 

species in the formation of CO2 were the rate of conversion is dependent upon 

temperature (Koppejan and van Loo, 2008). As discussed, the combustion of wet 

fuelwood results in a lower combustion temperature and slowed burning rate. In 

response, the emission of CO increases with an increase in MC, as identified in 

Figure 9.1.The average CO emission identified for fuelwood in this study was 

73.6±29.4 g/kgfuel with values found within the range of 35.7-133.8 g/kgfuel. The 

combustion of dry fuelwood with an MC of <20% emitted an average of 59.0±22.4 

g/kgfuel while the combustion of wet fuelwood with an MC of >20% emitted an 

average of 105.6±12.3 g/kgfuel. As a result, increasing the MC to a content more 

than 20% resulted in an increase of CO emission by a factor of 1.76. Similar 

findings have been outlined within the literature. Shelton and Gay (1986) found an 

increase in CO emission from 304.3±48.9 g/kgfuel to 567.0±64.6 g/kgfuel when the 

MC was increased from 21% to 41% equating to an increase by a factor of 1.86. 

Additionally, Purvis et al. (2000) shown in an increase in emission by a factor of 

1.58 when the MC is increased beyond 20%. CO emission for both wet and dry 

fuelwood were more than the limitations outlined in Ecodesign 2015/1185.      

9.1.3.2 CH4 and NMVOC 

Few studies have specifically evaluated CH4 emissions from residential combustion 

appliances (Ozgen and Caserini, 2018) with research often including only 

cookstove devices (Zhang et al., 2000; S.C. Bhattacharya et al., 2002). In the 

current work it was found that extent of CH4 and NMVOC emission from a 
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residential heating appliance was significantly dependent upon the fuel MC value. 

Fuelwood combustion resulted in a CH4 emission within the range of 0.29-11.32 

g/kgfuel with an average emission of 2.48±2.28 g/kgfuel during fuelwood combustion 

in the test appliance. The emission of NMVOC was found within the range of 0.47-

14.31 g/kgfuel with an average emission of 3.41±3.32 g/kgfuel. The combustion of wet 

fuelwood with a MC of >20% resulted in CH4 and NMVOC emissions that were 

115% and 116% higher than that observed during the combustion of dry fuelwood 

(<20% moisture). The CH4 and NMVOC emissions from dry fuelwood combustion 

were 1.32±0.75 g/kgfuel and 1.84±1.03 g/kgfuel while the same emissions were 

5.01±2.48 g/kgfuel and 6.84±4.02 g/kgfuel from wet fuelwood. Figure 9.1  presents 

these findings as well as similar values identified within the literature. Similar 

findings are presented in Mitchell et al. (2019) who identified an increase in CH4 

formation by a factor of 2.8-7.6 when the MC was increased from 5.1% to 27.9%. 

CH4 was found to be the most common VOC, accounting for 79±37% of the total 

emission. CH4 is commonly identified as the most common VOC during biomass 

combustion (Tissari et al., 2019). These findings are of specific importance as 

atmospheric CH4 emission may account for as much as 30% of global warming 

since the pre-industrial period (UNEP, 2022). The average organic gaseous 

compound (OGC) emission (CH4 + NMVOC) was 11.85 g/kgfuel and 3.15 g/kgfuel for 

wet and dry fuelwood respectively. OGC emission for both wet and dry fuelwood 

were more than the limitations outlined in Ecodesign 2015/1185.   

9.1.3.3 CH2O 

High concentrations of formaldehyde are often identified during the combustion of 

fuelwood. CH2O is presented as the most common aldehyde species with 

concentrations between 2-3 times higher than that of acetaldehyde (Cerqueira et 

al., 2013). An assessment of aldehyde formation from residential combustion is 

required given the toxic or carcinogenic nature with likely adverse effects on human 

health (Pilidis et al., 2009). Additionally, aldehyde emissions may affect 

tropospheric chemistry as a precursor to ozone and peroxiacynitrate formation 

(Carlier et al., 1986). Relatively few studies have investigated the emission of CH2O 

from fuelwood combustion (Cerqueira et al., 2013) and there are limited reviews on 

the relative effect of moisture content. In this present study, CH2O emissions were 

recorded within the range of 0.08-4.31 g/kgfuel with an average emission of 

0.96±0.97 g/kgfuel for fuelwood. The extent of emissions is shown to be dependent 

upon fuel MC as identified in Figure 9.1.The combustion of dry fuelwood (<20% 

MC) corresponded with a lower emission of 0.48±0.35 g/kgfuel while wet fuelwood 

(>20% MC) produced a higher average emission of 2.00±1.09 g/kgfuel. These values 
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are within the range presented in the literature as shown in Figure 9.1. A similar 

trend is observed in Liparl et al. (1984) and Mcdonald et al. (2000) where the 

combustion of higher MC fuelwood resulted in higher CH2O emissions.    

9.1.3.4 NOx and SO2 

The emission of NOx is shown to be unaffected by the fuelwood MC value, as 

shown in Figure 9.1. The statistical significance of the correlation is very weak 

presenting an R2 value of <0.01. Similarly, SO2 formation appears unaffected by 

change in the fuelwood MC content. The average emission of NOx and SO2 was 

found to be 1.05±0.24 g/kgfuel and 0.64±0.24 g/kgfuel. NOx emission is shown to be 

unaffected by MC where dry and wet fuelwood emission factors are 1.02±0.18 

g/kgfuel and 1.11±0.33 g/kgfuel respectively; this accounts for an 8% difference in 

NOx emission formation. A minor increase in SO2 emission is observed were dry 

and wet emission factors are 0.60±0.24 g/kgfuel and 0.72±0.24 g/kgfuel; this accounts 

for an 18% difference in SO2 formation. A review of the statistical distribution (σ) of 

SO2 emission factor results indicates limited effect of MC on pollutant formation. 

Given the low combustion temperatures observed during the test reactions it is 

likely that the extent of NOx and SO2 formation are solely related to the fuel 

nitrogen and sulfur concentrations. NOx emission for both wet and dry fuelwood 

were less than the limitations outlined in Ecodesign 2015/1185.           
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Figure 9.1  Summary of the effect of MC on gaseous emissions. Additional values 
from the literature are representative of fuelwood and woodchip combustion in 

various combustion appliances (Liparl et al., 1984; Shelton and Gay, 1986; 
Zhang et al., 2000; Mcdonald et al., 2000; S. Bhattacharya et al., 2002; 
Hedberg et al., 2002; Johansson et al., 2004; Koyuncu and Pinar, 2007; 

Wang et al., 2009; Orasche et al., 2012; Cerqueira et al., 2013; Hayashi et al., 
2014; Duarte et al., 2014; Ozgen et al., 2014; Reda et al., 2015; Mitchell et al., 
2016; Cereceda-balic et al., 2017; Ozgen and Caserini, 2018; Mitchell et al., 

2019; Guerrero et al., 2019; Maxwell et al., 2020; Martens et al., 2021) 
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9.1.4 Impact of Moisture on PM Emissions 

Note : PM values in the Conclusions Chapter have been corrected slightly from 

those identified in previous chapters. Values in this Chapter are presented in STP. 

A correction of 0.84 is applied to convert the values in the previous chapters to the 

current condition. 

The effect of fuelwood moisture content on PM emissions is reviewed in Chapter 5 

and Chapter 6. Additionally, fuelwood maintaining differing MC values were tested 

in Chapter 7 and Chapter 8. The average PM emission factor for all fuelwood 

combusted under warm-start conditions was 3.88±3.86 g/kgfuel with a range of 14.43  

g/kgfuel. Burning kiln dried fuelwood (<20% MC) resulted in the lowest emission of 

2.03±1.06 g/kgfuel. Subsequently, fuelwood characterised as seasoned (Rolls, 2013) 

with an MC of 20-30% presented an emission factor of 7.56±5.19 g/kgfuel. Finally, 

high moisture fuelwood which was had undergone inadequate seasoning or was 

freshly cut with an MC of >30% presented an emission of 6.37±4.87 g/kgfuel. These 

results agree with findings presented within the literature as shown in Figure 9.2. 

Previous work undertaken by  Wilton and Bluett (2012) reported a possible increase 

in PM emission during the combustion of either very dry or wet fuelwood with low 

emissions identified during fuelwood within a MC of 20-30%. Similar findings have 

been reported by Huangfu et al. (2014), L’Orange et al. (2012) and Tissari et al. 

(2019) where PM emission was reduced with an increase in MC (Figure 2.8). The 

reason for such processes is due to the control that MC maintains across the 

combustion reaction. Water in the fuelwood slows the reaction and the burning rate 

preventing the onset of an O2 deficiency (Rogge et al., 1998) and increasing the 

residence time of liberated volatiles within the combustion zone (Yuntenwi and 

Ertel, 2008). The results of this study, as presented in Figure 9.2, do not identify a 

significant increase in PM formation during the combustion of dry fuelwood although 

the polynomial fit does suggest a possible increase in intensity of particulate 

generation when wetter materials are combusted. As a result, the findings of this 

work are more similar that Guofeng Shen et al. (2013) and Butcher and Sorenson 

(1979) where low MC fuelwood produces low emissions and high MC fuelwood 

produces high emissions.  
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Figure 9.2  Summary of the effect of MC on PM emissions. Additional values from 

the literature are representative of fuelwood and woodchip combustion in 
various combustion appliances including cookstoves and residential heating 
appliances. The parametric fitting function is for results from This Work only 
(Shelton and Gay, 1986; Purvis et al., 2000; Yuntenwi and Ertel, 2008; Emily 

Wilton and Bluett, 2012; Shen et al., 2012; Guofeng Shen et al., 2013; 
Mitchell et al., 2016; Magnone, S.K. Park, et al., 2016; Guerrero et al., 2019).   

 

Recent recognition of the impact of high MC fuel combustion on PM emissions has 

resulted in the 2019 Clean Air Strategy recommending that only materials <20% 

moisture should be supplied to the domestic market. Subsequently, the Ready to 

Burn certification scheme encourages control of high MC fuel for residential 

consumption. Figure 9.3 presents the distribution of PM emission factors reported 

in this study. The results have been categorised into two groups in accordance with 

the DEFRA and Ready to Burn moisture limit guidelines (20%). Results from this 

thesis support this 20% guideline limit where fuel containing <20% MC produce 

lower PM emissions (2.03±1.06 g/kgfuel) than fuelwood containing a MC in excess of 

20% (7.20±4.85 g/kgfuel). Additionally, the combustion of high MC fuelwood 

produces a larger variance in emissions due to the complexity and inconsistency of 

combustion conditions when water content is increased. PM emission for dry 

fuelwood (<20% MC) was less than the limitations outlined in Ecodesign 

2015/1185. Burning fuelwood with a MC of >20% led to PM emission in excess of 

this limit.         
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Figure 9.3  Summary of the distribution of PM emission factors for fuelwood 

combusted with a MC below the approved DEFRA limit (<20% MC) and 
above the DEFRA limit (>20% MC). Whisker bars represent values which are 

within 1.5 standard deviations of the mean.   

9.1.4.1 Impact of Moisture on EC and OC Fractionation 

Chapter 5 and Chapter 6 show the effect of fuelwood moisture content on the 

formation of EC and OC fractions during combustion. The EC and OC fractions are 

analysed as a carbon ratio (TC) for comparison with previous work. The fraction of 

EC was observed within the range of 2.5% and 92.9% of the total carbon while OC 

was measured between 7.1% and 97.5%. The EC/TC ratio was found to be heavily 

dependent upon the fuelwood moisture content with the combustion of wet material 

resulting in a higher OC fraction.  

Fuelwood maintaining an MC of <25% promoted the formation of soot with a 

smaller OC fraction thereby providing a higher EC/TC of 0.66±0.26 and a range of 

0.28-0.93. Alternatively, soot generated from fuelwood with a MC value more than 

25% provided a lower EC/TC of 0.18±0.09 and a range of 0.02-0.27. Soot 

generated during dry fuelwood combustion is most similar to that of diesel 

combustion (Gillies and Gertler, 2000) while wet fuelwood produced soot 

maintaining an EC/TC fraction more similar to open burning reactions (Santiago-De 

La Rosa et al., 2018). The EC/TC ratio values are in good agreement with other 

results presented within the literature (Mitchell et al., 2016). Figure 9.4 describes 
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the effect of MC on EC/TC fractionation as found within the literature combined with 

findings identified in Chapter 5 and Chapter 6. This trend is in agreement with 

other findings within the literature whereby high MC fuel results in the formation of a 

high OC fraction (G. Shen et al., 2013; Magnone, S. Park, et al., 2016).      

The fractionation of carbon in soot is dependent upon the temperature of the 

combustion reaction. High temperature combustion results in a higher EC fraction 

while high OC formation is observed under cooler reactions (Bølling et al., 2009). 

This affect was presented during the combustion of fuelwood maintaining differing 

MC values. The combustion of dry fuelwood corresponds with low OC formation 

leading to higher EC/TC results. Alternatively, the combustion of wet fuelwood 

corresponds with high OC formation leading to lower EC/TC results. 

 

 
Figure 9.4  Summary of the effect of MC on EC/TC. Addition values provided from   

literature sources for fuelwood and other materials combusted in stove, 
cookstove and controlled burner devices (G. Shen et al., 2013; Vicente et al., 

2015; Mitchell et al., 2016; Magnone, S.K. Park, et al., 2016; Atiku et al., 
2016; Nystrom et al., 2017; Santiago-De La Rosa et al., 2018; Mitchell et al., 

2019; Czaplicka et al., 2019) 

 

A possible source of uncertainty in these results relates to the likely effect of 

different measurement techniques (Bølling et al., 2009). The methods applied in 

this study are TGA (Chapter 6) and optical absorbance (Chapter 5) as defined by 
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Birch and Cary (1996). A number of other techniques are currently available for EC 

and OC determination  including the IMPROVE ECOC method or total optical 

reflectance (TOR) approach (Chow et al., 2001) and the NIOSH ECOC method 

(NIOSH, 1996) with primary differences relating to peak temperature and O2-free 

heating stages (Schauer, 2003). As a result, it remains difficult to quantify EC/TC 

correlations within emission inventories due to the differing practices of analysis. 

9.1.4.2 Impact of Moisture on PM Size Distribution 

PM sample material was principally extracted from a Dilution Tunnel using a Dekati 

PM10 Impactor. The impaction device allowed for the sampling of particulate 

emission by size fractionation (<PM1, PM1-PM2.5, PM2.5-PM10 and >PM10). The PM 

size fraction distribution was relatively consistent between fuels suggesting that MC 

maintains a limited impact upon particle size, although there is some evidence for 

larger particle formation during low moisture fuel combustion in Chapter 6.  

Ultrafine particles (<1µm) are found to be most common with <PM1 maintaining 

93.1±3.5% of the total PM emittance across all fuel types. When burning kiln dried 

fuelwood (<20% moisture), the <PM1 contribution was 93.4±2.2%. Similarly, the 

average <PM1 emittance of seasoned fuelwood (20-30% moisture) and wet 

fuelwood (>30% moisture) was 96.9±1.9% and 96.8±2.7%, respectively. These 

values are in good agreement with other findings (Johansson et al., 2004; Tissari et 

al., 2008; Maxwell et al., 2020) where the <1µm size fraction was dominant.  

Recent studies have evaluated the effect of soot particles with a nominal diameter 

of <2.5µm on human health (Heßelbach et al., 2017). Particles of this diameter are 

small and capable of bypassing the mucociliary defence system resulting in 

subsequent deposition in the peripheral airways (Heßelbach et al., 2017; 

Montgomary et al., 2020). Results from this thesis indicate that between 90.4% and 

100% of PM emission generated through domestic combustion is of a size fraction 

(<2µm) determined to be harmful.       

9.1.4.3 Impact of Moisture on PM Morphology Characteristics 

Optical analysis of PM emissions generated during the combustion of low MC and 

high MC fuelwood revealed notable differences in material structure and 

composition. The results of this investigation are presented in Chapter 5 and 

Chapter 6. SEM analysis of soot samples generated during the combustion of wet 

fuelwood revealed a significant amorphous tar-like structure forming strands and 

globules in line with the high OC fraction. Alternatively, soot generated during the 

combustion of dry fuelwood was comprised of long chains of spherical particulate 
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matter maintaining a diameter of approximately 50 nm characteristic of the EC 

fraction.  

The colour of soot has been noted in several papers (Rau, 1989; Mitchell et al., 

2016; Jones et al., 2018) and is shown to be dependent upon combustion 

conditions. Wet fuelwood burns at lower temperatures a larger OC fraction is 

accumulated on sampling filter papers. High OC incorporation often leads to soot 

samples presenting a dark brown colouration. Alternatively, the low OC fractions 

observed during dry fuelwood combustion mean that soot material presents a black 

colouration. An assessment of colour was also undertaken throughout different 

stages of combustion with results differing depending upon MC. Dry fuelwood 

combustion generally results in formation of darker and higher density samples 

whereby the colour is dark brown or black. The combustion of high moisture 

fuelwood or fuels under cold-start conditions results in the formation of soot 

samples presenting lower density and light brown or tan colouration. The shift in 

colouration of soot from black to brown is proportional to the combustion 

temperature and subsequent accumulation of amorphous tar on the filter paper. 

These findings have a significant influence on the Absorption Ångström Exponent 

(AAE) which is an optical indicator affecting absorption in the visible and near-

infrared spectral region.   

Raman analysis was undertaken to evaluate the effect of MC on the 

physiochemical structure of soot. The first order Raman spectra of soot generated 

during the combustion of high and low moisture fuelwood consisted of the same two 

overlapping peaks located at approximately 1350cm-1 and 1585cm-1. These peaks 

are commonly attributed with soot structures and are referred to as the D-peak 

(1350 cm-1) characterised as disordered carbon and the G-peak (1585 cm-1) 

characterised as graphitic carbon (Dippel et al., 1999; Sadezky et al., 2005; Ess et 

al., 2016). Differences in the intensity of both the GD-peak and G-peak are noted 

depending on MC. Notably, the average ID/IG ratio of soot generated from high MC 

fuelwood combustion was 0.90±0.05 while a lower value of 0.69±0.03 was 

presented for soot generated during the combustion of wet fuelwood. An increase in 

the D-band observed during wet fuelwood combustion is associated with 

amorphous carbon formations while a heightened G-band during the combustion of 

dry fuelwood is synonymous with ideal graphitic lattice-type structures.    

9.1.5 Stove Operating and Testing Practices 

Stove testing and accreditation is required prior to market availability within the UK. 

A number of standardised testing methods are available offering different conditions 

and requirements with BS EN 13240 most commonly applied in the UK.  
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9.1.5.1 Cold Start Operation 

Combustion testing in accordance with BS EN 13240 requires only that a stove is 

operating under nominal conditions prior to emissions and efficiency analysis. This 

is identified as a limitation as cold-start conditions are negated from the testing 

procedure. Furthermore, the derived emission factors are commonly used in 

emission inventories which are subsequently applied in climate models. Previous 

work has highlighted high emissions during cold-start or ignition procedures 

(Shelton and Gay, 1986; Nussbaumer et al., 2008; Ozgen et al., 2013; Fachinger et 

al., 2017) with such phases accounting for as much as 33% of the total emission 

(Tiegs, 1995). The extent of cold-start operation is likely to vary depending upon 

region. A significant proportion of stove use in the UK is recreational with evidence 

suggesting that operational duration of ≤12 h per week (BEIS, 2016a). This 

indicates that a notable fraction of stove use is associated with cold-start operation 

only. This is likely more relevant in urban locations where residential combustion is 

not a primary heating practice.  

An investigation into the effect of cold-start operation is presented in Chapter 7. 

Testing was undertaken to provide evidence on the differences in combustion 

conditions and pollutant formation under cold-start and warm-start operation. 

Additionally, the use of differing ignition aids on the start-up reaction was examined. 

Cold-start operation resulted in a lower flue gas combustion temperatures (205 

±39°C) when compared to warm-start operation (363±48°C). Similarly, the burning 

rate was affected by the stove condition with rates measured at 1.29±0.31 g/kgfuel 

and 1.87±0.4 g/kgfuel for cold-start and warm-start operation respectively. Low 

combustion temperature commonly results in inhibited combustion conditions 

(Venkataraman et al., 2004). The effect of the reduced combustion temperatures 

was an increase in gaseous emissions by a factor of 3.3 and an increase in PM 

emissions by a factor of 2.1. The correlation between combustion temperature and 

pollutant formation is shown in Figure 7.11. Incremental increases in combustion 

temperature are observed with each batch of fuelwood applied to the stove. 

However, in response to the dynamic nature of the biomass combustion in small 

closed-fronted heating appliances, reductions in efficiency and temperature can 

occur after the stove has been in operation for a prolonged period of time. This can 

mean that warm-start operation produces higher emissions than cold-start 

operation however this is generally deemed anomalous with such values generally 

often being masked within the averaged results by during repetitive testing 

approaches.   

This study is important given the current practices associated with stove and 

heating appliance testing under standardised conditions. Table  9.1 shows the 
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influence of the addition of cold-start (CS) data within an emission inventory and 

how this relates to emission limitations as presented in Ecodesign 2015/1185. CO, 

THC and PM concentrations are all in exceedance of the values outlined in the 

legislation however the test appliance is a Waterford Stanley Oisin SF NB stove 

designed in 2012 prior to the establishment of the revised (reduced) emission limits. 

NOx remains below the emission limit and is unaffected by the phase of operation. 

The inclusion of cold-start data within an emission inventory increases the average 

emission by a factor of 0.4-2.9 depending upon species. From this several 

conclusions can be made. Firstly, given the likelihood of cold-start operation 

maintaining a significant proportion of total stove use within the UK, CS  values 

should be incorporated for relevance to real-world conditions. Additionally, the 

inclusion of CS data within an inventory significantly increases the projected 

emission associated with a specific device or fuel. This is of importance given the 

intended use of inventories for modelling atmospheric and climatic change. Cold-

start operation is neglected in the majority of testing methods including BS EN 

13240. Given the complexity of the combustion reaction and significant effect of 

cold-start inclusion within inventories it is recommended that future standards 

should include all emission data including start-up conditioning. Similar approaches 

have been implemented within BS ISO 19867-1:2008 for cookstove testing and the 

BeReal testing procedure (BeReal, 2013).   

Table 9.1  Comparison of emission limits and result inventory values dependent 
upon cold start inclusion. 

Emission Ecodesign 

2015/1185 Limit 

WS* Emission 

(g/kgfuel) 

CS* and WS* 

Emission 

(g/kgfuel 

Factor ** 

CO 18.4 54.1 61.0 2.9 

THC 1.48 3.6 6.0 2.4 

NOx 2.5 1.1 1.2 0.4 

PM 2.4 2.5 3.3 1.0 

* Average emission factor for warm-start (WS) operation only and for both 

warm-start and cold-start (CS) data in included. 

** The factor represents the ratio increase when both CS and WS data is 

considered within an emission inventory. 

9.1.5.2 Repeatability and Operational Duration 

Biomass combustion is a complex process (Jenkins et al., 1996). Combustion 

testing in small heating appliances is commonly acknowledged to produce notable 

variability in results and poor reproducibility (Trojanowski et al., 2018). As 
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discussed, stove testing is generally undertaken in accordance with a standardised 

operating method. The number of repeated tests identified in standardised methods 

and within the literature is noted to vary. Furthermore, the duration of stove testing 

remains generally unknown and is often variables across European countries. 

Recent surveys have suggested that stove operational duration within the UK is 

likely short with only 29% of stove consumers utilising their appliance for 40 hours 

or more (BEIS, 2016b). This emphasises the importance of cold-start conditions 

within emission inventories however in colder European nations the operational 

duration is likely much longer (Wöhler et al., 2016).   

Chapter 8 reviews the effect of operational duration and the processes which affect 

reproducibility in terms of stove performance. The outcomes of the research identify 

three processes. Firstly, the effect of inventory sample size on results confidence. 

Secondly, the impact of fuel type on repeatability. Finally, the impact of operational 

duration on combustion conditions.   

A confidence interval (CI) is formulated to identify the impact of sample size (n) on 

results confidence. It is assumed that the larger the size of the sample inventory 

(i.e. the number of fuel reloads in the test) the greater the statistical precision and 

the narrower the CI; the inverse is therefore presented for inventories maintaining a 

smaller sample size (Gupta, 2015). Inventory values for biomass briquettes 

(Chapter 8.4.5.1) and fuelwood (Chapter 8.4.5.3) appears to follow the trend 

outlined within the literature whereby an increase in n results in a reduction in CI 

(Gupta, 2015; Matsuyama, 2018; Giannoulis, 2019). The trend in CI relative to n is 

more variable with regards to the torrefied briquette fuel as shown in Chapter 

8.4.5.2. An increase in the number of test-batches generally results in a reduction in 

the width of the confidence interval thereby increasing the statistical precision of the 

emission result. However, changes in the condition of the combustion zone during 

prolonged testing can positively or negatively affect the emission level. For some 

fuels this can lead to highly changeable emissions which can affect the CI thereby 

negating the effect of repetitive batch testing. Therefore, it is the quality of the 

combustion reaction (per batch) which has a greater effect on repeatability than the 

type of fuel combusted. Wood briquettes were found to provide the most consistent 

results due to the regularity of their physical structure and combustion performance. 

Fuelwood, identified as the most heterogeneous material, provided the poorest 

repeatability. Increased temperatures during long-term stove operation often 

contribute in a reduction in repeatability as the improved efficiency is distinctively 

different from what is observed during previous batches.   

Combustion conditions are generally shown to improve with each batch of fuel 

applied to the stove in response to an increase in the combustion temperature. 
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Maximum temperatures are generally observed after prolonged stove operation 

beyond the common testing duration of many standard test procedures. The higher 

temperatures generally correspond with lower emissions. Prolonged testing 

scenarios should therefore be considered given the longevity of daily stove 

operation in many European countries. It therefore stands to reason that the 

accredited emission values for an appliance may be an over-estimation given that 

ideal temperatures are not always attained relative to real-world operating 

conditions.    

Stove testing procedures should consider the impact of applied fuel mass, on both 

an individual batch and a batch-by-batch basis, on the combustion temperatures 

and formation of derived pollutant products. The recommended solution would 

thereby be that stove users should continue to implement the pre-test-batch 

followed by 3 test-batch standard procedure however a greater number of tests 

should be undertaken. This would overcome the effect of prolonged stove testing 

on the combustion zone. However, this method would only be representative of 

controlled operating conditions and not be representative of stove performance in 

cool countries where a device may run for a prolonged period. 

9.2  Future Work    

9.2.1 Correlation between Soot Colouration and Composition 

It was observed that soot samples collected on filter papers present different 

colouration depending upon composition, notably the EC and OC fractionation. EC 

and OC are important variables in the determination of AAE which have a notable 

influence in climatological simulations (Bond et al., 2002; Bond and Bergstrom, 

2006). Previous research has illustrated the differences in soot colouration (Rau, 

1989; Mitchell et al., 2016; Jones et al., 2018; Price-Allison et al., 2021). An 

example of the difference in colour is shown in Figure 9.5. Simple methods of 

measuring emission concentration via photometric determination are applied in 

other industries including DIN 51402-1 and ASTM D 2156-94 methods for 

measuring soot emission from oil burning systems. This approach has been 

successfully applied in emission concentration research related to biofuel blend 

resources (Estevez et al., 2019), emission testing for waste incinerator research 

(Kardono, 2016) and cookstove combustion testing (Singh and Poudel, 2013). 

Currently the method has only been applied for estimating concentration based 

upon sample darkness and density using the Bacharach Smoke Scale. Future work 

may apply this sampling method as a way of high-frequency collecting soot from a 

flue. The colouration of the soot is likely to vary depending upon the phase of 
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combustion (Jones et al., 2018) and the fuel MC (Price-Allison et al., 2021). A 

review of the colouration of soot via low-cost techniques, including RGB surveys, 

could be combined with EC/OC analysis to generate a new scale. The proposed 

EC/OC scale would give an indication of amorphous and graphitic carbon contents 

which are synonymous with black carbon and brown carbon fractions. These 

qualitative  values could feed into climatological simulation research. This method 

would be of use in cookstove testing research currently being undertaken in 

developing countries where traditional methods of EC/OC determination are 

unavailable. The idea for this work was from useful discussion concerning soot 

measurement with Mr. Glynn Hughes [Hughes Design Ltd]. 

 

Figure 9.5  Likely variability in the colouration of soot collected during the 
combustion of biomass. Differences in colouration are subject to combustion 

conditions including temperature and burning rate. 

9.2.1 The Impact of Soot Inhalation on Human Health 

Air quality in urban locations has declined in recent years with biomass combustion 

identified as a probable source of increased PM concentrations (Fuller et al., 2013; 

Fuller et al., 2014). Degradation of indoor and outdoor air quality from biomass and 

solid fuel combustion is known to affect human health with approximately 3.8 million 

premature deaths identified globally as a result of noncommunicable diseases 

including ischaemic heath disease, chronic obstructive pulmonary disease, 

pneumonia and lung cancer (WHO, 2021). It is estimated that up to 40,000 

premature deaths are attributed to biomass smoke in Europe annually (Tomlin, 

2021). The impact of deteriorating air quality is of significant importance in 

developing nations with more than 2.6 billion people reliant upon biomass and solid 

fuel combustion for cooking (Leary et al., 2021). Several studies have evaluated the 
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effect of PM2.5 inhalation on human health (Matzenbacher et al., 2017; Uski et al., 

2018; Mitchell et al., 2019). Comet assay is commonly applied as a method of 

determining cellular DNA damage via electrophoresis. The method provides a 

quantitative indication of the effect of toxic compounds on eukaryotic cells and the 

extent of the DNA damage. This thesis has shown that moisture content in 

fuelwood affects the OC and EC fractions in emitted particulate. Components in the 

OC fractions could be active in inducing cellular damage. Given  the likely high 

quantities of wet fuelwood currently consumed within the UK (BEIS, 2016a) and the 

contemporary decline in urban air quality (Fuller et al., 2014), it is proposed that 

further work is required to assess the effect of high moisture fuelwood combustion 

on human health.      

9.2.2 Methods of Clean Residential Combustion 

The results of this thesis have revealed that contemporary combustion appliances 

are inefficient and have a high pollutant output. Nevertheless, the use of such 

devices remains a common practice in Northern Europe and the UK. As a result, 

change in the design of combustion systems or fuels may be required to abate the 

production of emissions and curve the detrimental impact on air quality. Future work 

may include an investigation into the effect of electrostatic precipitators (ESP) on 

woodstove flue systems for the direct collection of PM emittance (Bologa et al., 

2009). Similarly, the use of O2 monitoring with automated primary-airflow correction 

may be investigated for gauging ideal combustion conditions (feeding rates, burning 

rate and air supply) for reducing emissions (Valente et al., 2020). Finally, the use of 

alternative fuels may be applied as a replacement for high polluting materials. Fuels 

including pre-treated torrefied biomass (Maxwell et al., 2020; Trubetskaya et al., 

2021) and briquettes derived from sustainably sourced waste or residues (Morales-

Maximo et al., 2022) may be investigated as a low-emission alternative to fuelwood 

and coal.     
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