
ABSTRACT 

REPOFF, RYAN LAWRENCE. Bringing the Kitchen to the Lab: Data Analysis and Method 

Development for Lab Simulation of In-Field Operation of Biomass Cookstoves. (Under the 

direction of Dr. Andrew Grieshop). 

  

 

Roughly 40% of the world’s population uses rudimentary biomass burning 

cookstoves that emit gaseous and particulate emissions with enormous impacts on indoor and 

outdoor air quality and the climate. A range of small and large-scale initiatives, such as those 

supported by the Global Alliance for Clean Cookstoves, are distributing ‘improved’ 

cookstoves with the aim of reducing these impacts. Laboratory testing is essential for new 

technologies to be considered an improvement to current technologies and deployed into 

households. Prior research has revealed that lab testing of a wide range of stove technologies 

tends to underestimate pollutant emission factors when compared to field testing. In this 

study, we aspire to address the discrepancy between lab and field results and create a lab 

testing protocol that will enable lab testing representative of activity observed during 

complete cooking cycles measured in rural Indian homes. Among other factors, divergence 

between lab and field emission data is likely due to field measurements capturing more 

widely varying operating conditions.  Current lab testing protocols emphasize the 

repeatability and consistency of measurements of parameters such as thermal efficiency, and 

pollutant emission factors.   To develop a better understanding of in-home use of stoves, this 

work leverages emissions data collected from over 100 tests conducted in a study of a 

carbon-finance-funded stove intervention carried out in Karnataka, India in 2012; households 

initially used a traditional cookstove for cooking and then later used a provided improved 

intervention ‘Rocket-style’ cookstove.  Laboratory tests were conducted using the Water 



Boiling Test (WBT) protocol.  A three-stone fire (3SF) and Chulika cookstove were used to 

represent traditional and improved cookstoves. Field and lab emission data were analyzed to 

enable comparison between observations in different settings and to develop a means for 

representative stove operation in a new protocol. The analysis of data includes estimation of 

carbon emission rates, proxies for fuel consumption and fuel feeding, and analysis of particle 

optical properties from cooking activities using the carbon balance method.  Proxies for fuel 

consumption and feeding identified that field tests are highly variable and formed a bimodal 

distribution with modes in high and low powered cooking activity.  The lab tests were 

consistent with mainly high powered cooking activity.   The particulate optical properties 

were evaluated using Chen et al. (2012) PaRTED analysis, which employs a 2-dimensional 

analysis of particle emissions based on single scattering albedo (SSA) and modified 

combustion efficiency (MCE).  The analysis suggested that cookstove type and cooking 

activity influenced the light scattering and light absorbing properties of the emitted particles.  

Lab tests tended to emit more light absorbing particles where field tests saw a variety of light 

scattering and absorbing particles.  The Chulika specifically generated more black carbon-

like particles than the 3SF.  Laboratory emission factors in the lab underestimated those 

measured in the field, as expected.  The lab PM and CO emission factors ranged from 1.5 to 

3 times less than field emission factors.  A new testing protocol (NTP) was created to make 

lab testing more representative of field testing by reducing the disparity between the emission 

rates and properties.  The NTP built similar fuel consumption proxy histograms to those seen 

in the field to simulate similar cooking activity.  The results show that the NTP improved 

upon closing the gap between lab and field testing as the emission factors started to move 

towards levels observed in the field.   
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CHAPTER 1: INTRODUCTION 

1.0 Background and Motivation 

Biomass burning cookstoves are widely used in households throughout developing 

countries.   Over 3 billion people worldwide depend on biomass burning cookstoves for 

cooking and heating of households (WHO 2014).  The biomass consumed by cookstoves are 

dependent upon fuel availability within local environment, which include but are not limited 

to, wood, charcoal, and crop and animal residues. Usage of these unrefined fuel sources leads 

to inefficient combustion and production of harmful air pollutants.  The emissions from 

cookstoves can cause environmental and health problems. 

Carbon monoxide (CO) and carbon dioxide (CO2) are the major combustion products 

originating from carbon in the fuel.  Theoretically, complete oxidation of the fuel carbon 

during combustion results in CO2 production.  If the carbon in the fuel is not completely 

oxidized, incomplete combustion can occur and produce CO (Seinfeld and Pandis 2012).  

Therefore, CO is considered a product of incomplete combustion (PIC).  Environmentally, 

CO is an asphyxiant and contributes to the formation of ground level ozone which is harmful 

to plants and reduces atmospheric visibility. 

Carbon dioxide is a naturally occurring gas in the atmosphere.  CO2 is considered a 

greenhouse gas (GHG) and has been identified as a major contributor to global climate 

change (Crowley and Berner 2001).   Recent contributions from anthropogenic activity has 

increased the average CO2 concentrations in the atmosphere resulting in an increase in the 

global average temperature (Crowley and Berner 2001)  It is estimated that biomass burning 
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from cookstoves contributes to approximately 2% of global CO2 emissions (Bond et al. 

2004). 

Particulate matter (PM) is another significant pollutant emitted from biomass burning 

cookstoves.  PM is defined as a combination of many different types of suspended particles 

in the atmosphere that have different physical and chemical properties; such particles can 

include but are not limited to, soot from diesel combustion, sea spray particles, and dust from 

the erosion of soil and rock (Wilson et al. 2002).  PM2.5 cam be further characterized as 

elemental and organic carbon.  During the combustion process of biomass fuel, if the 

conditions are fuel rich, soot can be produced because the oxygen cannot fully convert the 

fuel carbon to CO2 (Seinfeld and Pandis 2012).  Soot from biomass combustion can contain 

both EC and OC.  The main difference between EC and OC is that organic carbon is bonded 

with oxygen.   EC is pure carbon normally in the form of small (3 nm) graphitic sheets that 

are stacked on each other and then clump together to form soot particles (Seinfeld and Pandis 

2012).  The name EC and black carbon (BC) are often interchanged because the graphitic 

carbon appears to be a black color and is a strong absorber of light.  Brown carbon (BrC) is 

another type of carbon species that is relatively strong absorber of light, but is mainly 

associated with OC (Feng et al. 2013).  BC and BrC emitted into the atmosphere have been 

linked with global climate change and combined contribute close to 1.2 W/m2 to the global 

energy budget (Feng et al. 2013). Additionally, biomass burning cookstoves are a substantial 

contributor of BC into the atmosphere, accounting for nearly 20% of the global BC emissions 

(Bond et al. 2004). 
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Cookstove emissions adversely affect human health.  Carbon monoxide and 

particulate matter are the major emissions from cookstoves that cause health problems. CO is 

a colorless gas that can block the exchange of oxygen via red blood cells and result in light 

headedness, respiratory problems, and even suffocation (OSHA 2002).   PM2.5, defined by 

particle diameters of less than 2.5 micrometers, is dangerous because the particles can 

penetrate deep into the lungs causing breathing problems such as chronic obstructive 

pulmonary disease (COPD), asthma, or potentially lung cancer due to prolonged exposure 

(US EPA 2013).   The use of cookstoves inside of houses decrease indoor air quality as 

concentrations of both CO and PM2.5 can accumulate in the indoor microenvironment.  

Family members that spend the majority of their time inside the houses, such as women and 

children, have been adversely affected by the reduction of indoor air quality (Lim et al. 

2012).  It is estimated that nearly 4.3 million people die each year due to reduced indoor air 

quality from biomass burning cookstoves (Lim et al. 2012).  Because biomass burning 

cookstoves are heavily relied upon to prepare meals, indoor air pollution has become a major 

environmental and public health challenge.  Therefore, developing new technology that 

increases efficiency and reduces emissions can improve indoor air pollution and reduce 

health impacts. 

Many organizations across the world are making efforts to reduce indoor air pollution 

and mitigate the climate effects from cookstove emissions.  Collaborative work is being done 

between non-governmental organizations (NGOs) and government funded groups, such as 

the Global Alliance for Clean Cookstoves (GACC), to study the current impacts of cookstove 

emissions on the environment and human health. These organizations are also taking action 
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to improve the cookstoves and make them more environmentally friendly.  Many small scale 

and large scale initiatives, such as those supported by the Global Alliance for Clean 

Cookstoves, are already distributing cleaner cookstoves with the aim of reducing the health 

and climate impacts.  

Creating inventories of cookstove testing is important in order to be able to evaluate 

the current progress of improving cookstoves.  The building of inventories allows for the 

comparison of testing environments (lab versus field), cookstove type, fuel type, and other 

variables related to cookstove efficiency and emissions.  Comparing the relative and absolute 

changes in emissions will help to identify if the improvements that are being made are 

making a significant difference in the emission reductions and efficiency increases.  The 

emission inventories can be used to enhance atmospheric models to better predict climate 

impacts, global, regional, and local air quality, and secondary organic aerosol production 

from cookstove emissions.  Data from the inventories can also be utilized by indoor air 

pollution and health exposure models to estimate the impacts of indoor air pollution on 

human health.  Currently, inventories mainly consist of laboratory tests with minimal field 

data.  Therefore, collecting more data to grow the inventories will aid the pursuit of creating 

cleaner and more efficient burning cookstoves. 

 

1.1 Improvements in Cookstove Designs  

The goal of improved technologies is to reduce the health and climate impacts from 

biomass burning cookstoves.  The word ‘improved’ should be cautiously used and properly 

interpreted when describing cookstoves.  A paper by Grieshop et al. suggested that 
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improvements related to health impacts often have negative effects on the climate, or vice 

versa (2011).  Therefore, ‘improved’ should only be used to describe a certain aspect of the 

cookstove design.  Another word that should be carefully used is efficiency.  The efficiency 

of a cookstove is modeled by the ability to convert stored energy in the biomass to thermal 

energy that is transferred to the pot cooking food; therefore it is a property of combustion 

efficiency and heat transfer efficiency (Grieshop et al. 2011).  Ultimately, the efficiency of 

the ‘improved’ cookstove is dependent upon the type of fuel used and the thermal properties 

of the materials it is constructed out of.   

The original biomass burning cookstove consisted of rocks or other earthen material 

placed around a fire in order to hold and cook a food-filled pot.  These traditional cookstoves 

are inefficient and emit relatively large amounts of harmful pollutants.  As technology 

advanced, a variety of different types of cookstoves have been designed to help ‘improve’ 

upon the former designs with respect to the fuel used, efficiency, and health and climate 

impacts.  Table 1 displays a compiled list of some of the different types of cookstove 

available today.   Each of the biomass burning cookstove listed in the table has unique 

designs and technologies to try and reduce emissions and enhance thermal efficiency.  The 

following three cookstove designs are briefly discussed as they are often promoted in rural 

developing countries:  Rocket, forced air, and gasifier 
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1.1.1 Rocket Stove 

 The rocket stove is a biomass burning cookstove that aims to reduce particulate and 

CO emissions.  Rocket stoves are often shaped with a combustion chamber with a 90° angle 

where fuel and air are fed through the front and the combustion products are emitted from the 

top.  The cookstove is designed to get ample air flow to the fuel, partially combust the smoke 

and gases inside the chamber, and direct the heat onto the pot cooking the food (GACC 

2015).  Typical fuels range from wood and crops wastes to animal residues.  Figure 1A is a 

picture of a Chulika, a type of rocket cookstove marketed in India. 

1.1.2 Forced Draft Stove 

 The forced draft cookstove is a type of biomass burning cookstove that injects air into 

the combustion chamber. The injection of air into the combustion chamber promotes a more 

complete combustion resulting in lowered emissions (MacCarty et al. 2007). The majority of 

Table 1: Traditional and Improved Cookstoves 

Cookstove Style Fuel Source 

Traditional 
3-Stone Fire Biomass 

Mud/Clay Hearth Biomass 

Improved 

Rocket Biomass 

Forced Air Biomass/Pellets/Briquettes 

Gasifier Biomass/Pellets/Briquettes 

Charcoal Charcoal 

Alcohol Alcohol 

Biogas Digester Produced Methane 

Electric Electricity 

LPG Stove Liquefied Petroleum Gas 

Plancha Biomass 

Solar Stove Solar Energy 
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these types of cookstoves use battery power to inject the air.  However, new designs have 

been made where a thermoelectric device converts the cookstove thermal energy to 

electricity to power the air jets (GACC 2015).  This type of cookstove often relies on 

processed biomass in the form of pellets or briquette to cook food.  Figure 1B displays a 

TERI forced draft cookstove.  The holes in the top of chamber are where the air jets are 

added to the combustion. 

1.1.3 Gasifier Stove 

 A gasifier stove is a type of biomass burning stove that separates the different stages 

of combustion (drying, pyrolysis, wood-gas combustion, and char-gasification) to optimize 

energy use and reduce emissions (BMZ 2014).  During pyrolysis, the heated biomass 

separates into volatile gases and wood char (BMZ 2014).  The wood gas is combusted with 

the air at high temperatures to provide heat for the cook to prepare the food.  While the wood 

gas is combusting, additional heat comes from the char-gasification.  If the wood that has 

released the wood gas is hot enough, it can react with oxygen and produce extra heat (BMZ 

2014).  The remaining product from this process is ashes. Figure 1C below is a Sampada 

gasifier cookstove (Samuchit Enviro-Tech, 2015). 
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Figure 1: Three types of improved biomass burning cookstoves: (A) Rocket-style Chulika 

(B) TERI forced draft cookstove (C) Sampada gasifier cookstove (picture provided by 

(Samuchit Enviro-Tech, 2015) 

 

A 

B 

C 



 

 

 

9 

1.2 Laboratory Testing  

Laboratory testing of cookstoves have been the standard for testing cookstove 

performance.  There are many advantages for laboratory testing of cookstoves.  The 

repeatability and consistency of laboratory testing protocols allow for comparison of 

cookstoves.  Repeatability is an important factor in lab testing because it reduces the 

variability between tests using the same cookstove. Lab testing can also be cheaper than 

other methods of testing cookstoves.  Another reason that laboratory testing is important is 

that a wider range of pollutants can be measured because of the accessibility of equipment.  

More species, such as NOx, VOCs, and other hydrocarbons that require expensive equipment 

and extensive measurement procedures can be measured in the lab setting. 

 The biggest advantage of lab testing is the ability to control different sources of 

variability to estimate the sensitivity of the specific testing parameters on emissions.  For 

example, fuel moisture can be measured and controlled in the lab environment through 

drying of the biomass in drying ovens.  The different levels of fuel moistures can be tested in 

the lab to estimate the effects on emission rates and properties.  Being able to investigate 

which testing parameters are most sensitive to cookstove performance will assist in creating 

better cookstoves.  The ability to control the variability among cookstove parameters makes 

laboratory testing favorable for performance testing. 

 

1.3 Methods of Testing of Cookstoves 

 Cookstove testing protocols can measure different performance variables of 

cookstoves such as fuel consumption, emissions, and combustion efficiency.  Cookstove 

testing protocols have been created for both the laboratory and field testing environments.  
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The following three cookstove testing protocols are typical standard testing protocols used 

throughout the cookstove community:  the Water Boiling Test (WBT), the Kitchen 

Performance Test (KPT), and the Controlled Cooking Test (CCT).  

1.3.1 The Controlled Cooking Test (CCT) 

 The controlled cooking test is typically a field testing protocol that compares 

cookstove performance based on fuel consumption.  The study takes place in communities 

where improved cookstoves are being introduced to replace the traditional cookstoves.  The 

CCT occurs during this transition to estimate cookstove performance by comparing the 

traditional stove with the improved stove by cooking similar meals(GACC 2004). 

 The comparison of the two stoves is based on preparing the same meal three times 

with the same stove while documenting the weights of fuel consumed during the test and 

ambient weather conditions.  Then, using the same amount of fuel and method to cook the 

same meal, the improved cookstove is introduced into the household for the CCT.  The CCT 

is only representative of the cooking task observed during the test (GACC 2004). 

1.3.2 The Kitchen Performance Test (KPT) 

 The kitchen performance test is similar to the CCT in the fact that both protocols are 

assessing fuel consumption pre- and post-intervention of an improved cookstove.  The KTP 

is different because the households involved with the study are asked to fill out longer 

surveys to identify socioeconomic information, cooking performance, and feelings on the 

new cookstove introduced into the community (GACC 2007).  Measurements of fuel 

consumption are also made during this study.   Additionally, the KPT can be conducted using 

a paired-sample or cross-sectional approach when sampling the cookstoves (GACC 2007).  
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Ultimately, the KPT helps to identify cookstove performance and how well it is being 

integrated into the community. 

1.3.3 The Water Boiling Test (WBT) 

 The cookstove performance parameters that the WBT estimates is the thermal 

efficiency of the cookstove and, given the proper equipment, the emission factors (GACC 

2014).  Thermal efficiency is measured during 3 different cooking stages.  The phases are 

based off of boiling and simmering water in attempt to mimic cooking activity found in the 

field, as the WBT is typically conducted in the lab environment. 

 The three stages of the WBT are cold start, hot start, and simmering.  The cold start 

consists of bringing 5 liters of water to boiling as fast as possible using high cooking power.  

Upon the completion of the cold start, the boiling water is replaced with room temperature 

water and brought to a boil as fast as possible using the hot stove and high cooking power.  

The thermal capacity of the stove should provide extra energy and the water should boil 

faster than the cold start.  The simmering phase uses the water from the hot start and keeps it 

within 6° C of the boiling point to simulate simmering of food.  The thermal capacity is 

estimated by using the moisture content of the fuel, the amount of fuel used, the amount of 

water boiled and evaporated during cooking, and the cooking time (GACC 2014).   

 Emission measurements during the WBT are important for assessing the performance 

of the tested cookstove.  Emissions are often measured by sampling from the emission plume 

using a probe or complete collection via emissions hood and applying the carbon balance 

method to estimate emission factors.  The advantages and disadvantages of each collection 

method which will be further discussed in a later section.  Because the methods of the WBT 
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allow for repeatability between different cookstoves, the emission factors are used as one of 

the performance standards for laboratory testing of cookstoves. 

 

1.4 Performance Standards for Testing of Cookstoves 

Specific standards were created to equally compare and rate individual cookstove 

performance.  The International Organization for Standardization (ISO) has created an 

International Workshops Agreement (IWA) process for evaluating cookstove performance.  

The IWA Tiers of Performance judges cookstoves using the following four indicators ranked 

on a 0 to 4 basis with 4 being the highest performance: efficiency and fuel use, total 

emissions, indoor emissions, and safety (GACC 2015).  The IWA Tiers of Performance are 

broken down into different categories with the goal of achieving Tier 4 performance in all of 

the categories.  As discussed previously, reductions in one category may cause increases in 

other categories.  Therefore, it can be very difficult to achieve Tier 4 in all performance 

categories.  The standards for Tier 4 cookstoves are derived from the World Health 

Organization’s Guidelines for Indoor Air Quality (WHO 2014).  Figure 2 displays a visual 

representation of the IWA Tiers of Performance for cookstove emissions of carbon monoxide 

versus particulate matter, where reductions in CO and PM can improve the tier rating of the 

cookstove .  The first three indicators, efficiency and fuel use, total emissions, and indoor 

emissions, are estimated by using the most recent version of the Water Boiling Test (WBT 

Version 4.2.3).  The safety indicator is measured by using the Biomass Safety Protocol 

(Version 1.1) (GACC 2015).   
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 Results from the standardized testing in the lab often are not representative of 

cooking procedures found in households.  As mentioned earlier, the testing protocols are very 

controlled to be able to compare testing parameters of different cookstoves.  Therefore, the 

standardized testing tend to underestimate the real emission factors that are measured in the 

field.  This suggests that real-life operation of cookstoves is important to understand to get a 

more accurate result of cookstove performance. 

 

 

 
Figure 2: IWA Tiers of Performance for cookstove testing (BMZ 2014). Figure taken from 

Micro-gasification: Cooking with Gas from Dry Biomass (BMZ 2014).  The plot shows 

the different IWA tiers of measuring cookstove performance for CO and PM emissions. 
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1.5 Field Testing 

Field testing is important because it provides real measurements of how the 

cookstoves are being operated in households, the emissions emitted during the operation, and 

the efficiency of cooking.  The measurements of real life cookstove use in the field are 

important for quantifying variability related to cookstove operation and environmental 

factors that can affect emissions.  The operation of a cookstove can differ due to many 

variables such as cookstove type and fuel availability.  As an example of operational 

variability, people using a specific type of cookstove have identified methodology for 

operating the cookstove to prepare food the way they want it to be made.  Their method of 

cooking might not be the exact way that other households use the cookstove or the way the 

cookstove was designed in the lab to be used.   The ability to capture the variability is one 

reason why field measurements are important.  

It is important to collect more data from cookstoves to improve the quality of field 

data.  Currently there are minimal amounts of field data, mostly because field studies of 

cookstoves often occur in households located in developing countries where power supplies 

are limited (Roden et al. 2006).  Another obstacle to overcome in field measurements is 

choosing the best measurement method of emission to get the data that is needed. 

1.6 Measurement Approaches 

 There are two main methods used in emission testing that can be used to measure the 

emissions from cookstoves in the lab and field setting.  The two methods are using a probe to 

sample from the plume from the cookstove or by using an exhaust hood to fully capture all of 

the emissions from the cookstove.  The first method uses a probe that has multiple arms with 
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multiple sampling ports that are radially distributed to capture a diluted, but representative 

sample of the emission plume from the cookstove (Roden et al. 2006).  To get a 

representative sample, the flow through the sampling probe is kept constant throughout the 

whole test.  During field measurements, the emission plume can be influenced by the 

circulation patterns in the sampling microenvironment.  By averaging the data to 1 minute 

increments and having a constant flow through the 24 ports in the probe allows for the 

collection of a representative sample so the carbon balance method can be applied and the 

small changes in dilution do not have a large impact on the emission calculations (Smith et 

al. 1993) (Roden et al. 2006).  The second method of full capture uses a small exhaust hood 

to capture and dilute the emission from the biomass burning cookstove (Ballard-Tremeer and 

Jawurek 1999).  This sampling method is one of possible methods used to estimate the 

emission rates as well as the emission factors (Johnson et al. 2010).  The hood collects the 

emissions at a constant flow while the sample mixes through the duct system to allow for 

representative sampling in the duct. Figure 3 shows a comparison between the two sampling 

methods, the probe and the hood, and shows an agreement in the measurement of MCE 

values (Johnson et al. 2009).  Therefore, the carbon concentration data is comparable for both 

the probe method and hood method for collecting emission samples.  
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Table 2 describes the advantages and disadvantages of each sampling method in the 

field and lab environment.  The category of obtrusiveness in the household only applies to 

the field setting.  The descriptiveness of data applies to the level of detail that can be done in 

each scenario, such as the number of species that can be tested and if the emission rates can 

be calculated or not.  

  

Figure 3:  Emission measurements using an exhaust hood are plotted against the emission 

measurements using a sampling probe to show a high correlation between the measurement 

methods.  Figure taken from supplemental information from Johnson et al. (2009). 
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Table 2: Comparison of Testing Methods 

Testing  

Trade-Offs 

Lab Field 

Hood Probe Hood Probe 

Obtrusiveness in 

Household 
X X - - - 

Repeatability of Tests + + - - 
Representative of Actual 

Cooking - - + + 
Descriptiveness of 

Measurements + + + -  + - 
  

 Choosing which testing scenario is best for the testing situation is dependent upon 

what information is needed.  For example, if the emission rates are desired for the test, an 

emission capture hood is necessary for the experiment.  If the test is looking to be the least 

intrusive in the household, the sampling probe is more than likely the best option.  If the 

sampling probe is chosen for the household measurements, a trade-off is made for not being 

able to measure the actual emission rates of each of the measured pollutants from the 

cookstove.  Therefore, a balance of the pros and cons of each measurement method should be 

evaluated before choosing the sampling method. 

 

1.7 Divergence of Field and Lab Emission Factors  

 As discussed in previous sections, laboratory testing has many advantages, such as 

comparison of cookstove performance and sensitivity analysis of specific combustion 

parameters.  One of the disadvantages that the collections of data have shown is that lab 

testing is not representative of cooking observed in the field.  The reason that lab tests are not 
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representative is because they attempt to control the variability often found in the field.  

Examples of field variability include but are not limited to cookstove type, household to 

household cooking methods, fuel availability, fuel type, fuel usage, climate and seasonality, 

types of food cooked, and dilution of emissions prior to sampling.  Before comparing field 

and lab measurements, it is important to understand how variability in the field can effect 

emission factor measurements. 

 

1.7.1 Overview of Sources of Variability in Emissions Observed Between Field Tests 

 To illustrate the variability that can be observed in field measurements, a 2011 

cookstove intervention study conducted over two different seasons, a dry and wet season, 

was examined.  Figure 4 displays box and whisker plots of the PM2.5 emission factors using a 

traditional and improved cookstove in two different seasons.  A box and whisker plot is a 

plot displays data by creating a box bounded by the 25th and 75th percentiles with a middle 

bar representing the 50th percentile, or the median.  The whiskers of the box plot represent 

the 5th and 95th percentiles, respectively.  In Figure 4, the control group used traditional 

cookstoves (red), the Chulika group (partial) used a combination of both a traditional stove 

and an improved Chulika stove (purple), and the Chulika group (full) used 2 Chulika 

cookstoves.  



 

 

 

19 

 
 

Figure 4: Pre- and Post-Intervention PM2.5 emission factors for traditional and Chulika 

cookstoves over two different seasons.  Figure created by Dr. Andrew Grieshop from 

unpublished data collected during a stove intervention study in Southern India in 2011 and 

2012. 
  

Prior to the intervention, both the control group and Chulika group used a traditional 

cookstove to prepare meals.  Looking at the emission factors prior to intervention, there does 

not appear to be a large difference in the magnitude of the emission factors.  The spread is 

quite different between the two testing groups.  The spread shows that even when using the 

same cookstove, there is variability based on how the cookstove is operated from household 

to household.  This type of variability is often reduced in the laboratory setting because of the 

strict procedure of the testing protocols. 

 During post-intervention, it is clear that the emission factors are lower than pre-

intervention.  The median values were lower than the pre-intervention by approximately 3 g 

PM2.5/kg fuel, even for the control group.  This suggests that there is seasonal variability in 
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the emission factors, which could result from differences in fuel moisture, cooking activity, 

or type of food prepared.  Looking at the different cookstove emission factors within the 

same season, the 2 Chulika cookstove group’s emission factor is slightly lower than the 

control group’s from visual inspection.  Because of the variability within each testing group, 

it cannot be identified whether or not there is a reduction the emission factor.  In order to 

determine if there actually was a reduction, statistical analysis would have to be conducted. 

 Inter-seasonal, cookstove to cookstove, and household to household cooking activity 

are just some of the sources of variability that are found in field testing.  The variability can 

have substantial effects on the emissions of cookstoves.  

Currently, it is hypothesized that lab tests do not have similar cooking activity to that of field 

tests.  This is just one hypothesis as to why lab tests tend to underestimate the emission 

factors when compared to field tests. 

1.7.2 Comparison of Field and Lab Emission Factors 

 Previous studies have shown that laboratory measurements of emission factors from 

biomass burning cookstoves underestimate emission factors.  In the previous example, the 

gray rectangle in Figure 5 represents the range of lab emission factors from previous  

studies.  It is evident that the emission factors are substantially lower than in the field test.  A 

portion of the lab data in Figure 5 comes from a study conducted by Roden et al. in 2009.   
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Figure 5: CO and PM Emission Factors from Field and Lab Testing (Roden et al. 2009). 

Comparison of fuel based emission factors (g/kg of fuel consumed) for PM and CO from a 

field and laboratory test. Figure taken from (Roden et al. 2009).  

 

The Roden et al. (2009) study included lab and field measurements of emission 

factors for CO and PM2.5, which are displayed in Figure 5. Three different cookstoves, 

traditional, improved, and improved with a chimney, were tested in the field.  A variety of 

different cookstoves were tested in the lab including a three-stone fire, traditional stoves, 

improved stoves, gasifiers, and fan stoves.  The measurements of PM2.5 from cooking activity 

in the field were approximately 2-4 times greater than those observed during lab testing.  A 
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similar trend was seen with the CO emission factor as the field had 2-3 times higher emission 

factors than the lab.  Additionally, the spread of the field emissions are much wider than the 

lab emission factors.  These observations support the idea that field tests have substantially 

more variability than lab measurements.  Operating conditions, fuel usage, fuel moisture 

content, climate and seasonality, household to household cooking methods, burn cycles and 

types of food cooked are variables that can contribute to variability in the field (Jetter et al. 

2012).  Because lab testing protocols control some of these variables, the spread of the 

measurements typically are smaller and the emissions are lower.  The type of cookstove can 

also affect the emission factors.  In Figure 5, it can be seen that the addition of a chimney to 

the improved cookstove in the field setting caused the PM emission factor to slightly 

decrease, but did not have an effect on the CO emission factor.  Therefore, this study 

provides further evidence that cookstove type influences emissions and that field tests 

include more variability than lab tests. 

 

1.8 Evaluation of Field and Lab Particulate Optical Properties 

Besides the quantity of emissions, the properties of real-world PM emissions, such as 

particle composition and optical properties, do not appear to be well represented during lab 

testing.  For example, prior work has focused on investigation of optical properties emitted 

from different stages of combustion in both the field and lab setting.  One such analysis is 

called the PaRTED analysis, standing for Patterns of Real-Time Emission Data, which 

combines a proxy for combustion efficiency with particle light scattering properties to 

evaluate the type of particles emitted during different combustion events (Chen et al. 2012). 
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The PaRTED plot shown in Figure 6 (Chen et al, 2012) displays the Modified Combustion 

Efficiency (MCE) on the y-axis and the Single Scattering Albedo (SSA) on the x-axis.  The 

plot was generated by creating a 2-dimensional histogram of MCE and SSA and then 

normalizing by the number of points within the matrix to represent the percent frequency.  

The percent frequency is given by the color bar where red is higher frequency of events and 

yellow is lower frequency of events.  The MCE is a proxy for combustion efficiency 

indicating the conversion of fuel carbon to CO2.  The SSA describes the fraction of scattering 

that contributes to light extinction, where values close to 0 represent light absorbing particles 

and values close to 1 represent light scattering particles.  A more complete description of 

SSA and MCE can be found in 2.6.1 and 2.6.2, respectively   

Emission of scattering or absorbing particles is dependent on cooking activity, where 

light absorbing particles tend to be emitted during high flaming events and light scattering 

particles tend to be emitted during low flaming or smoldering events.  The traditional 

cookstove PaRTED plot (Figure 6a) and the lab testing PaRTED plot (Figure 6d) best display 

the different cooking activity that results in the emission of different light scattering and 

absorbing particles.  The WBT, as shown in Section 3.3, accounts for high flaming events 

that emit light absorbing particles.  The lab PaRTED plot supports this observation with a 

large cluster around high MCE and low SSA values.   Traditional cookstoves in the field tend 

to have varying cooking activity with both high flaming and smoldering events.  The 

smoldering events tend to emit light scattering particles.  Again, the traditional cookstove’s 

PaRTED plot supports these observations by having a large range of SSA values representing 

the light scattering and absorbing particles emitted during the different cooking activities.   
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It can be easily seen that the emission of light scattering and absorbing particles are 

substantially different in the field and in the lab.  Large quantities of light scattering particles 

were present in all of the field test results. In the lab, the majority of the particles were light 

absorbing.  Therefore, it is hypothesized that the lab tests did not represent similar cooking 

activity seen in the field as it only accounted for high powered cooking events emitted only 

light absorbing particles.   

Variability between cookstove types was also observed in the PaRTED plots from the 

field study.  When a chimney was added to the isolated chamber cookstove, less scattering 

particles were produced compared to the cookstove without a chimney.  The plots for the 

traditional cookstove also does not show similar patterns of particle emissions.  The three 

 
Figure 6: PaRTED analysis to compare optical properties of particles emitted during 

specific combustion events from field and lab tests.  The different scenarios of testing are 

as follows: Trad = traditional cookstoves (field), ICN = isolated chamber with no chimney 

(field), ICCh = isolated chamber with chimney (field), LAB ICN= laboratory tested 

isolated chamber with no chimney.  The color bar shows frequency with dark red meaning 

high frequency and yellow meaning low frequency.  Figure taken from Characterizing 

Biofuel Combustion with Patterns of Real-Time Emission Data (PaRTED) (Chen et al. 

2012). 
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tested cookstoves in the field all showed different PaRTED plots which demonstrates that 

cookstove type is a type of variability that influences the optical properties of particles. 

1.9 Improving Cookstove Testing Protocols 

Identification of the divergence of lab testing protocols from observed cooking 

activity in the field has highlighted the need for better characterizing field cooking activity so 

it can be replicated in the lab testing environment.  A recent study by Johnson et al. (2010) 

compared and contrasted field and lab cooking activity.  The analysis led to the creation of a 

model that represents cookstove performance by utilizing MCE and the fraction of total 

carbon emissions (Johnson et al. 2010).  Figure 7 compares the MCE versus the carbon 

emission rate for field tests and laboratory WBTs.  The different shaded bubbles represent 

different testing scenarios and the size represents the fraction of carbon emitted at the 

specific emission rate and combustion efficiency.  Complete capture of the emissions 

allowed for estimations of emission rates.  From the figure three different inferences can be 

made about differences in lab and field testing.  The first observation is that field tests tend to 

have higher maximum emission rates of carbon.  In plot A, the maximum emission rate of the 

WBTs were less than 20 g/min of carbon, while the in-home measurements approached 40 

g/min of carbon.  This observation suggests that the fire is built bigger in the field than in the 

lab.  The second observation is that the lab tests tended to have higher MCE values than the 

field tests.  This suggests that the stove operator in the lab is tending to the fire better and 

building the fire to get the most efficient combustion from the fuel.  Also, the lab tests tend to 

only account for high powered cooking which typically results in high MCE values.  The 

third observation is that the emissions, emission rates, and MCE are dependent upon the 



 

 

 

26 

cookstove type.  The patterns in MCE vs carbon emission rates between Plot A and B for the 

open fire and Patsari stoves are not very similar.  This proposes that the cookstove type 

influences the emissions and combustion efficiency of the stoves. 

In the Johnson et al. (2010) study, the focus of the improved testing protocol was to 

attempt to replicate the burn cycles that were observed in the field based on MCE 

distributions.  A study by Jetter et al. suggested that the MCE is dependent upon the type of 

cookstove (2012).  Therefore, a model for each individual cookstove would need to be 

created for accurate lab testing, which would be time consuming and inefficient as newer 

technologies are designed and implemented.  Additionally, if the goal of an improved 

cookstove is to produce very clean burning stoves, the MCE would be very high and would 

alter the new model. 
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Figure 7: MCE vs Emission Rate for Lab and Field Cookstoves Tests. (Johnson et al. 

2010). The plot presents the relationship between emission rate and MCE.  The top plot 

represents open fires and the bottom represents Patsaris from WBTs and normal in-house 

use.  The bubble size represents fraction of total carbon emitted during sampling.  The plot 

suggests differences in cooking activity and emission rates using the same cookstove in 

both the field and lab setting.  The plot was taken from New Approaches to Performance 

Testing of Improved Cookstoves (Johnson et al. 2010). 
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1.10 Study Objectives 

 

From the previous discussions, it is apparent that there is a need for the development 

of new testing protocols that are more representative of field testing. Through our 

observations made in the previous sections, the focus of the improved testing protocol will be 

on attempting to include some of the variability observed in field measurements into the new 

testing protocol.  It is assumed that variability in the field cooking activity affects the 

emission factors, particle optical properties, and the emission rates from the biomass burning 

cookstoves. 

This study looks at cooking activity and fuel moisture content from lab and field tests 

to estimate the effects these variables might have on emissions from cookstoves.  The 

approach taken in this study analyzes measured carbon concentrations and PM light 

extinction data to estimate fueling activity, particle optical properties, and emission factors.  

Proxies for fuel consumption and fuel feeding assisted in identifying the observed cooking 

activities.  Measurements of PM optical properties in conjunction with the carbon 

concentration profiles helped characterize the type of particulate matter emitted during the 

different cooking phases.  Emission factors based on fuel usage were also calculated to 

compare emissions from different cookstoves and testing environments.  Using this 

approach, the cooking activities from field and lab measurements were compared to identify 

how the cooking activity observed during the current laboratory testing protocols diverge 

from actual cooking activity found in the field.  In both test settings, the effect of cooking 

activity on the emission factors were examined, too.  The analysis of the field emissions was 

used to create a new laboratory testing protocol that is more representative of in-home use of 
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cookstoves.  The new testing protocol includes real-time analysis of cooking activity that 

allows the cookstove operator to adjust the combustion activity when necessary.   

The objectives of this study are as follows: 

1) Analyze real-time emissions data to quantify the operational variability in lab and 

field tests.  

2) Conduct standardized laboratory tests to investigate the influence of cooking 

activity, stove type, and fuel moisture on real-time and integrated measures of 

cookstove emissions. 

3) Quantify optical properties of particulate matter emitted over a wide range of 

cooking activities and testing conditions. 

4) Design and assess a new laboratory testing protocol to reduce the disparity 

between emission rates and properties measured in the field and lab testing 

environments. 
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CHAPTER 2: METHODOLOGY 

2.1 Field Study 

 In 2011 and 2012, a cookstove intervention study was conducted in Hire Waddarkal, 

a small, rural village in the southern Indian state of Karnataka.  As part of the intervention 

study, which also included surveys and measurements of indoor and outdoor air quality, fuel 

use and health outcomes, the 1st-Generation Stove Emission Measurement Systems (STEMS-

1G) measured emissions from traditional and improved cookstoves used in households.  In 

this study, Emissions data were collected from approximately 60 households and included 

around 105 tests.  In addition to emissions data, the weight of the fuel consumed during a 

day’s cooking, fuel moisture, and the type of food prepared were also documented.    The 

study was broken down into two different measurement periods, pre-and post-intervention.  

During the pre-intervention, emissions were measured in households that used a traditional 

cookstove.  The traditional cookstoves consisted of a U-shaped clay or earthen material base 

with small knobs to hold the pot.  The opening in the U-shaped base is where biomass 

combustion occurred and where fuel was fed into the fire.  In the post-intervention portion of 

the study, a fraction of the same households had their traditional stoves replaced with two 

Chulika stoves, a cleaner ‘Rocket-style’ cookstove, to prepare meals. The fraction of 

households that were not given the Chulika continued to use the traditional cookstove.  

Emission measurements occurred in households that used the traditional cookstove, a 

traditional and Chulika cookstove, and two Chulika cookstoves for the post-intervention.  

The comparison of the cookstoves in this study did not use the emissions data collected in 
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households using a traditional and Chulika cookstove simultaneously. Table 4 in Section 3.0 

gives a table describing the different scenarios evaluated in this study. 

The field tests measured the emission from cookstoves during typical morning and 

evening cooking events.  The STEMS-1G was powered by a 12V car battery since electricity 

was limited in these rural Indian households.  Prior to a cooking event, a sampling probe was 

placed approximately 1.5 meters above the cookstove emissions plume.  The probe design 

was based off of the sampling probe from Roden et al. and consisted of eight stainless steel 

arms distributed radially with three sampling ports in each arm for a total of 24 sampling 

ports within the plume (Roden et al. 2006).  This sampling approach was taken because it 

was least obtrusive in the household.  It is assumed that the flow through the probe remained 

relatively constant.  Keeping the flow through the probe relatively constant allowed for the   

This setup allowed for the application of the carbon balance method when estimating 

emission factors (Smith et al. 1993). 

After entering the probe, the sample travelled through conductive tubing to the 

STEMS-1G for measurement.  Figure 8 shows the flow schematic of the STEMS-1G.  Prior 

to the beginning of cooking and the ignition of the fire, background concentrations of each 

pollutant were taken.  The background concentrations were subtracted from each of the 

measurements during analysis to quantify the emissions from the cookstove.  For each new 

test, new filters measuring the mass of particulate emissions, as described in section 2.4.3, 

were replaced and a separate data file was created to record the data.  
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2.2 Laboratory Study 

 Laboratory tests using the Chulika cookstove and the 3-stone fire were conducted in 

the exhaust hood located in 1204 Burlington Lab.  The WBT estimates cookstove 

performance by boiling and simmering water and is the current standard testing protocol for 

testing cookstoves in the lab (Roden, 2009).  The most recent version of the Water Boiling 

Test, version 4.2.3, was used for laboratory testing (GACC 2014).  Due to the size limitations 

of the exhaust hood and stainless steel pot used to boil the water, 2.5 liters of water was 

replaced by the typical 5 liters, as directed by the WBT protocol.   The fuel source for the 

WBTs was red oak wood cut into approximately 1” x 1” x 8” pieces. Paper, cardboard, and 

small pieces of red oak wood were utilized as kindling to start the fire during all lab tests.  A 

thermocouple attached to the PEMS measured water temperature during the different WBT 

phases.  A scale was used to weigh wood and char as per the WBT protocol. 

 Each day, the fuel moisture was measured using a General Tools and Instruments 2-

pin moisture meter.  Three randomly selected logs were used for daily measurements of fuel 

moisture.  Each log had 3 sampling sites totaling 9 measurements of fuel moisture per day.  

To get a better measurement of fuel moisture inside the wood and to not break the pins on the 

moisture meter, two holes were drilled at the sampling sites that were ¼” deep and spaced 

approximately ¾” apart.  The 9 measurements were averaged to get the mean moisture 

content of the wood.  

 The exhaust hood was used to capture and dilute the emissions of biomass 

combustion from the cookstove tests (Ballard-Tremeer and Jawurek 1999).  The galvanized 

stainless steel emission hood was under negative pressure to suction the emissions to the duct 
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and allow clean air needed for combustion through the 3’ x 2’ face opening.  Measurements 

of the flow came from a Dwyer differential pressure transmitter located upstream of the 

sampling port.  The differential pressure transmitter used a calibrated pitot grid to measure 

flow through the duct.  The duct flow was regulated to ensure that the flux of air through the 

face of the hood was not stoking the fire.  The face velocity through the hood was kept 

around 50 ft/sec for most laboratory tests.   The capture method allows for estimation of the 

emission rates of measured pollutants (Johnson et al. 2010).  Figure 8 displays the setup of 

the cookstove exhaust hood. 

 

 

 

The additional dilution line used for measuring particulate optical properties was 

controlled by adding dried, filtered compressed air to the sample, resulting in a dilution ratio 

 Figure 8: Emission Hood for Laboratory Emission Capture 
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ranging from 13 to 18.  The PAX and μAeth had internal pumps and the Licor was connected 

to a vacuum to suction sample to the instruments.  A bubble flow meter was utilized to test 

flows through each of the instruments to get a total flow rate for the dilution line. Because the 

dilution flow was under positive pressure, the flow was slightly less than the total flow to the 

sensors to allow for the remaining flow to come from the sampled line.  The CO2 from the 

dilution air was measured to estimate the CO2 dilution ratio.  The CO2 dilution ratio was a 

back-up calculation in the case that the flow through the flow meter changed without 

immediately recognizing it. 

2.3 Instrumentation 

  The study used the STEMS-1G which was developed at NCSU for all cookstove 

emission measurements occurring in the field and lab.  Table 3 displays the instruments used 

for emission measurement.  Within the STEMS-1G, an Aprovecho Portable Emission 

Monitoring System (PEMS) board housed the CO, CO2, laser photometer, relative humidity,  

and temperature sensors.  The CO sensor was an electrochemical cell calibrated by a span 

calibration of 0 to 300 (Aprovecho 2012).  The CO2 sensor is a nondispersive infrared sensor 

(NDIR) and was calibrated by a span calibration of 0 to 3000 ppm (Aprovecho 2012).  Prior 

to testing in the field and in the lab, the CO and CO2 sensors were re-calibrated using the  

span calibration of zero and the respective concentrations under normal operating conditions.  

The gas temperature and relative humidity were both measured within the PM sampling cell, 

not in the duct or plume. Between morning and evening cooking events, the Bare Q and QBT 

filters were removed and replaced with new filters. The sampling interval of the STEMS-1G 

was 2 seconds and was collected using a data acquisition device.  All measurements were 
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then averaged to 1 minute data to account for sensor response times and to reduce noise 

within the measurements.  Testing data (Table 3) was stored on a SD-card that was later 

uploaded and briefly analyzed on a computer.  In the laboratory testing environment, a 

dilution line was added to the STEMS-1G setup for additional aerosol measurements. Figure 

8 displays the flow schematic of the STEMS-1G and the lab dilution setup. 

  + Lab Dilution Setup 

Table 3: Real-Time Instruments in STEMS-1G and Lab Dilution Line 

Instrument Measurement Units 

CO sensor* CO ppm 

CO2 sensor* CO2 ppm 

Red Laser Scattering 

Photometer* 
PM 1/Mm 

Relative Humidity Sensor* RH % 

Temperature Sensor* Temp. °C 

Particle and Soot Absorption 

Photometer* 
Absorption 1/Mm 

MicroAetholometer+ 
Black Carbon (via 

absorption) 
ug/m3 (1/Mm) 

Flow Meters*+ Flow cc/min 

Photoacoustic Extinctiometer 

(PAX)+ 
Scattering and Absorption 1/Mm 

Licor LI-820+ CO2 ppm 

*STEMS-1G  
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Figure 9:  STEMS-1G Flow Schematic and Laboratory Dilution Line Setup.  

Measurements are color coded as follows: Red= particulate, blue=flow,  green=gas, 

yellow=other. 

 

2.3.1 Measurement of Particulate Optical Properties 

 Optical properties of the particulate emissions were measured using four different 

instruments during field and lab testing: a red laser photometer, a photoacoustic 

extinctiometer (PAX), a microaethlometer, and a 3-λ particle and soot absorption photometer 

(PSAP).  The red laser photometer was part of the Aprovecho PEMS board.  The red laser 

(635 nm) measured the light scattering by particles passing through the sampling chamber.  

The photometer was calibrated using the PAX as a secondary calibration standard (Appendix 

A).   
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The Radiance Research Inc. 3-λ PSAP measured particle absorption of light using 

three different wavelengths (470, 522, and 660 nm) (NOAA 2015).  The PSAP uses a filter 

based approach for real-time measurement of light absorption.  Utilizing Beer’s Law, the 

three LED wavelengths interpret the change in the attenuation of light as particles pass 

through the filter (NOAA 2015).  Filter loading can affect the measurement of the PSAP by 

magnifying the absorption on the filter and create non-linear responses during loading (Bond 

et al. 1999) reducing transmission of light through the filter.  Therefore, a correction was 

applied for spot size and filter loading effects (Bond et al. 1999).  The absorption coefficient 

(1/Mm) is estimated by multiplying the ratio of filter area to the volume of sample by the 

natural log of the change of light attenuation. 

The high concentrations of particulate matter in the sample required additional 

dilution before passing through the PSAP.  Ambient air was passed through a HEPA filter to 

remove particles before mixing with the sample.  A Honeywell AWM 3000 series flow meter 

measured the dilution air flow to the PSAP.  The PSAP measured the flow through the 

instrument so the dilution ratio was estimated based on these two flow measurements. 

 
Figure 10: The Photoacoustic and Nephalometer cells inside PAX (DMT 2014). 
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In the laboratory dilution line setup, particle light extinction was measured by a 

Droplet Measurement Technologies PAX-870.  The PAX instrument measures both light 

scattering and light absorption by particles.  The PAX has two measurement chambers 

consisting of a nephalometer and a photoacoustic cell.  The nepholometer utilizes a 870 nm 

laser to measure light scattering (1/Mm) of the sample (DMT 2014).  The second chamber 

measures the light absorption from particles.  As particles pass through the chamber, a laser 

that is set to pulse at the resonant frequency of the acoustic resonator heats up the particles 

within the chamber.  The particles then give off  excess heat which creates pressure waves 

detected by a microphone which outputs a value for the absorption coefficient in (1/Mm) 

(DMT 2014).  Figure 10 displays a diagram of the PAX’s two measurement chambers. 

The aethalometer was used in the dilution line setup to get a comparison of different 

aerosol measurements. An AethLabs Microaethalometer Model AE51 measured the black 

carbon concentrations in the sample using the same filter based approach as the PSAP, but at 

a single wavelength of 880nm (AethLabs 2015).   BC concentrations were estimated by 

assuming a mass absorption cross-section of 12.5 m2/g. 

The absorption coefficient can be affected by the wavelength at which it is measured 

due to brown carbon’s absorption properties as the BrC tends to more strongly absorb 

wavelengths closer to the UV range (Kirchstetter et al. 2004).  The effect of brown carbon on 

the absorption coefficient measured by PSAP at different wavelengths (red, green, and blue) 

can be seen in Figure 16 (plot #2) in Section 3.1.1.  The brown carbon is absorbing more 

light at the blue and green wavelength, thus increasing the measured absorption coefficient.   

The PSAP, PAX, and uAeth all use different wavelengths to measure the absorption 



 

 

 

39 

coefficients.  The dilution line setup was created to compare the different measurement 

methods and the issues, such as filter loading and the influence of BrC on measurement, 

between instruments.  The comparison can be done by converting all measurements to a 

single wavelength using the absorption Ängstrom exponent (Chen et al. 2012).  The goal is to 

be able to compare how the different instruments respond to the cookstove emissions.  

Because the 2nd Generation STEMS (STEMS-2G) used a MicroAeth to measure the optical 

properties and BC concentrations in the most recent field study in India, the comparison will 

important to be able to compare results from different studies using the STEMS-1G 

instruments. 

2.3.2 Integrated Filter Analysis 

 PM2.5 and EC/OC measurements were obtained by collecting particulate emissions on 

Telfon and quartz filters.  The Teflon filters used were Zefon International 

polytetrafluorethylene (PTFE) membrane filters that are 2 micrometers thick and 47 mm in 

diameter.  The quartz filters were Pall Life Sciences Tissuequartz filters that are 17mm thick 

and cut to 47mm in diameter.  Two different filter packs held the Teflon and quartz filters.  

The first filter pack contained just a quartz filter (BareQ filter).  The second filter pack 

housed a quartz filter behind the Teflon filter (QBT filter).  This setup allows for the 

measurement of the PM2.5 and EC/OC emission factors. 

The Teflon filter was utilized to estimate the PM2.5 emission factor.  The Teflon filter 

was conditioned and weighed prior to sampling using a Mettler Toledo UMX2 Ultra-

microbalance in a relative humidity and temperature controlled microenvironment for up to 

24 hours.  After the PM sample is collected on the filter, the filter is conditioned and re-
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weighed.  The difference between the pre- and post-weighing of the filter represents the mass 

of PM collected during the test.  Honeywell AWM 5000 series flow meters measured the 

flow through the filters.  The mass and total flow through the filters was used to estimate the 

emission factor, which is discussed later in Section 2.4.2. 

The quartz filters were used to estimate the EC and OC emission factors.  Prior to 

using the filter, they were baked for 10-12 hours at 550°C to remove any artifacts on the filter 

(Salmon 1994).  The reasoning for having the Bare Q and QBT filter packs is to be able to 

account for positive adsorption artifacts (Rau 1989; Thomas W. Kirchstetter 2001).  The 

quartz filter in the BareQ filter pack collected all of the particulate emissions.  The quartz 

filter in the QBT filter pack collected all of the adsorption artifacts.  This is accounted for in 

the emission factor calculation.  Flows of the sample passing through each of the filters were 

measured using Honeywell AWM 5000 series flow meters. 

A Sunset OC/EC analyzer estimated the concentration of elemental and organic 

carbon loaded onto the quartz filters.  The EC and OC mass determined from filters is 

operationally defined and is described below.  Figure 11 displays the physical setup of the 

OC/EC analyzer (Peterson and Richards 2013). 
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Figure 11:  Diagram of OC/EC analyzer (Peterson and Richards 2013). 

 

The OC/EC analyzer starts out by heating the quartz filter to 550°C in a helium 

atmosphere that is free of oxygen.  As the temperature increases, because the organic carbon 

has oxygen in it, it will burn and convert the carbon to CO2.  The CO2 is transported to a 

methanator that converts it to methane (CH4).  The CH4 is sent to a flame ionization detector 

(FID) where the amount of carbon is measured.  The CO2 is converted to CH4 and sent 

through a FID because the FID is a very sensitive detector.  During the whole process, a red 

photometer is measuring the transmission through the filter.  The transmission decreases as 

char builds up on the filter when the OC combusts.  The second phase of the procedure is 

similar to the first stage, but occurs in an atmosphere where oxygen is present.  The oxygen 

can react with the EC and combust.  As the leftover char from the OC burns in this phase, 

when the transmission reaches the original value the rest of the carbon measured is 
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considered EC.  The final step includes an injection of methane gas to the FID as a method of 

calibration for the test run.   The previous information was referenced from the OC/EC 

analyzer manual (Sunset Laboratory Inc. 2013).  Figure 12 is a time series plot of the 

measurements from the OC/EC analyzer (Sin et al. 2002). 

  

 

2.4 Data Analysis 

  Characterizing the emissions from field and lab studies helped identify why lab 

testing results tend to differ from field testing results.  Emission factors, fueling patterns, and 

particle analyses are the three bases for comparison.  Through this analysis, the goal is to be 

able to recognize the differences in cooking activity, the influence this has on emissions with 

the end goal of creating a lab testing protocol that accommodates for these trends. 

Figure 12: The time series data from the operationally defined OC/EC analysis.  Figure taken 

from (Sin et al. 2002). 
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2.4.1 Carbon Balance Method 

The carbon balance method was employed for all emission calculations.  In order to 

apply the carbon balance method, an assumption was made that nearly all of the carbon 

stored in the fuel and emitted during combustion is converted to either CO or CO2.  The 

following equation represents the carbon balance method (Smith et al. 1993): 

𝐶𝑂 + 𝐶𝐻4 + 𝑇𝑁𝑀𝑂𝐶 + 𝐶𝑂2 + 𝐴𝐴𝐶 = 𝐹𝐶     Eq. 1 

Where: 

 CO = Carbon monoxide 

 CH4 = Methane 

 TNMOC = Total non-methane organic compounds 

 CO2 = Carbon dioxide 

 AAC = Ash and aerosol carbon 

 FC = Fuel carbon 

Previous studies have shown that over 95% of the fuel carbon is converted to CO or CO2 

during the combustion process (Smith et al. 1993; Zhang et al. 2000).  A similar analysis was 

conducted using data from this study that supports this assumption, as it was estimated that 

over 97% of carbon in the fuel was converted to CO and CO2.  The calculations for this 

analysis can be found in Appendix B.   With this assumption, applying the carbon balance 

allows for easy calculation of combustion efficiencies and emission factors.  

2.4.2 Emission Factor Calculation 

The emission factor calculations represent the amount of a pollutant emitted per 

activity or event.  For this study, the emission factor will represent the amount of pollutant 
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emitted per kilogram of fuel combusted.  Emission factors for CO were estimated using the 

following equation (Roden et al. 2006): 

EFX =
CO

CO+ CO2
∗

MWX

MWC
∗ FC     Eq. 2 

Where: 

 X = emission concentration of ‘X’(ppm) 

CO = background corrected carbon monoxide (ppm) 

CO2 = background corrected carbon dioxide (ppm) 

MWx= molecular weight of ‘X’ (g/mol) 

MWc = molecular weight of carbon (kg/mol) 

Fc = fraction of carbon in fuel (unitless) 

The fraction of carbon in the fuel was assumed to be 0.5 as most carbon content in wood 

ranges from 0.45 to 0.55 (Gaur and Reed 1998).   The emission factor equation uses 

measurements in the gaseous phase on a volume basis, so this form of the equation was used 

for the CO emission factor.  The PM emission factor was estimated using a gravimetric 

approach by pre- and post-weighing the filters to get the mass of PM deposited on the filter.  

The PM mass was divided by the total flow that passed through the filter during the test, 

resulting in an average PM concentration.  The method for finding the EC emission factor 

and the EC/TC ratio is described in the next section. 

2.4.3 Filter Analysis 

Analysis of the quartz and Teflon filters in the Bare Q and QBT filter packs provided 

the necessary mass values for the calculation of the EC/OC and PM emission factors.  The 

mass deposited on Teflon filter was used to estimate the PM2.5 emission factor.  In the QBT 
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filter pack, the teflon filter collects the mass of particulate matter and the quartz filter collects 

the adsorption artifacts. Therefore, by subtracting the OC measurements from the quartz filter 

in the QBT filter pack from the bare quartz filter, the EC and OC concentrations can be better 

estimated.  The measurement from the OC/EC analyzer is the mass of carbon per cm2 of 

filter area.  The mass per area is multiplied by the total filter area and then divided by the 

total flow through the filter measured by the flow meter to get the mass concentration, which 

can be substituted into the emission factor equation.  The EC/TC ratio is the EC mass divided 

by the sum of the EC and OC.  

2.5 Fueling Properties 

Fuel usage for preparing meals is dependent on many variables such as food type, the 

amount of food being cooked, cooking style, and cookstove type.  These and other cooking 

variables can change the intensity of energy needed throughout the duration of the cooking 

event.  The initial approach of estimating cooking activity is by examining the emission 

concentration profiles.  First-hand observations of cooking activity were not observed 

because the STEMS-1G and probe were setup in the house prior to cooking and picked up 

afterwards.  Therefore, the carbon concentrations are utilized to approximate how the 

operator controls the combustion in the cookstove.  Figure 13 is an example of a background-

corrected carbon concentration profile from a field test using a Chulika cookstove.  As a 

simplified example, relatively high carbon concentrations are typically associated with 

operating the stove at high power.  It will be shown later that high powered cooking is 

closely related to flaming and more efficient combustion. Conversely, relatively low carbon 

concentrations are related gentle flaming, smoldering, or the fire dying due to inattention.  
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The results section delves further into the association between of cooking events and the 

carbon concentration profiles.    By utilizing these carbon concentration profiles, inferences 

about the fuel consumption and fuel feeding were made to estimate cooking activity. 

 
Figure 13: Sample background-corrected carbon concentrations from a Chulika cookstove 

used in the field.  The red line represents the CO concentration and the blue line represents 

the CO2 concentration.  It is assumed that the peaks represent high flaming and the troughs 

represent low flaming or smoldering events.     

  

2.5.1 Fuel Consumption Proxy 

Examining the fuel consumption during cooking episodes can provide more 

information about the type and duration of the cooking activities.  A key assumption that was 

made during the sampling process was that the dilution was constant throughout the whole 

test when using the probe in the field.  With the constant dilution, a representative sample of 

the plume concentrations could be collected. The lab tests used an exhaust hood to fully 

collect the emissions to get a representative sample.  A previous study demonstrated that 

sampling from a probe gives representative measurements of CO and CO2 concentrations 

when compared to an exhaust hood (Johnson et al. 2009).  Therefore, this analysis can be 
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used in for field and the lab measurements where both sampling methods were used.  The 

creation of the fuel consumption proxy also assumes that the magnitude of the carbon 

concentration emitted from the cookstoves is correlated to fuel consumption.  For example, 

when emitted carbon concentrations are relatively high, the fuel is consumed at relatively 

high rates.  The proxy normalizes each carbon concentration measurement by the maximum 

carbon concentration measured in each test.  These values were binned and a frequency 

distribution determined to estimate the cooking activity based off of the fuel consumption 

proxy.  This was achieved by employing the carbon balance method and the following 

equation: 

𝐶𝑛,𝑖 =
𝐶𝑐,𝑖

𝐶𝑐,𝑚𝑎𝑥
=  

(𝐶𝑂+ 𝐶𝑂2)𝑖

(𝐶𝑂+𝐶𝑂2)𝑚𝑎𝑥
                                                      Eq. 3 

 

Where: 

Cn,i = normalized carbon concentration (unitless) 

Cc,i = total carbon concentration measurement (ppm) 

Cc,max = maximum value of total carbon concentration in a given test (ppm) 

CO = background corrected concentration of carbon monoxide (ppm) 

CO2 = background corrected concentration of carbon dioxide (ppm) 

Background concentrations were removed from each carbon measurement to account for 

only the carbon emitted during the combustion of biomass from the cookstove.  The 

background concentrations of CO and CO2 were estimated by averaging 30 points, or 1 

minute, of background concentration data.   
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The total carbon concentration consists of the summing of instantaneous 

measurements of CO and CO2.  The maximum total carbon concentration is the largest total 

carbon concentration value for each individual test.  The approach assumes that the 

maximum value occurs when the fuel is being consumed at the highest rate.  The maximum 

value was used during each individual test because of different dilution ratios between 

households.  For example, a probe could be closer to the source of the plume and measure 

higher concentrations; whereas a probe further from the source would measure lower 

concentrations.  Therefore, by normalizing by the maximum value, it allows for comparison 

between tests.  Another key assumption is that the normalized carbon concentrations are 

representative of activity and are independent of the size of the fire.  As an example, if 

emissions from a cookstove were compared to a campfire that was used for cooking food, the 

size of the fire would not matter.  Normalizing by the maximum value would give a 

representative interpretation of the relative distribution of fuel consumption rates while 

cooking. 

The normalized carbon concentrations were based off of (CO + CO2) concentration 

ratios.  Other ratios, such as the ratio of CO2 to CO2,max, and the CO to COmax ratio, were 

investigated to see if they would be more effective in representing cooking activity.  

Ultimately, the current method was chosen because it was assumed that the majority of the 

carbon in the fuel was converted to CO and CO2.  Both species are important to the 

calculation because the relative levels of CO and CO2 vary given the flaming conditions.  

Another analysis compared how normalizing by the maximum value versus the 98th 

percentile of the carbon concentration would affect the normalized carbon concentration 
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distributions.  For example, if there was a large difference in the maximum and 98th 

percentile, normalizing by the maximum value might skew the distribution and give an 

inaccurate picture of the cooking activity.  This analysis showed that there was not a 

substantial difference between the maximum and 98th percentile, but the maximum value was 

chosen for this model so none of the normalized values would be greater than 1.  

Histograms of the normalized carbon concentrations represent the frequency 

distribution of our proxy for fuel consumption for a test.  The histogram helps to visualize the 

fuel consumption of the cookstove during a cooking event.  Different histogram bin sizes 

were tested to determine which size would be able to best represent cooking patterns.  The 

bin sizes that were evaluated are as follows: 0.25, 0.10, 0.05, 0.025, 0.01, and 0.005.  Bin 

sizes smaller than 0.05 were too small and too noisy to discern patterns in the histograms.  

The bin size of 0.25 was too large and did not provide useful information about the fueling 

properties.  The bin size of 0.10 was chosen for the histograms because it was resolved 

enough to detect different cooking modes and was large enough infer cooking patterns.  In 

order to compare across different tests, the bin totals for the histograms were normalized by 

the total number of measurements per test to give a relative frequency.   Figure 14 below is 

an example normalized carbon concentration histogram for a WBT.  Normalized carbon 

concentrations that are closer to 1 represent high fuel consumption often seen during high 

flaming events.  Normalized carbon concentrations that are closer to 0 represent low fuel 

consumption oven seen during smoldering events.  The histogram in Figure 14 shows the 

majority of the values tend to be closer to 1, meaning that high-powered cooking dominated 

during the lab WBT. 



 

 

 

50 

 

2.5.2 Fuel Feeding Proxy 

Fuel feeding rate is another proxy generated from the carbon concentration data.  The 

basis of the proxy is the time rate of change in carbon concentrations.  It is assumed that as 

fuel is added to the fire, the carbon concentration increases.  Conversely, as the fuel is 

consumed and no more is added, the carbon concentration decreases.  The fuel feeding was 

estimated using the following equation: 

𝑑𝐶𝑐

𝑑𝑡
=

(𝐶𝑂+𝐶𝑂2)𝑖+1−(𝐶𝑂+𝐶𝑂2)𝑖

(𝑡𝑖+1−𝑡𝑖)
                Eq. 4 

Where:  

𝑑𝐶𝑐

𝑑𝑡
= time rate of change of carbon emissions (proxy for fuel feeding) (ppm/minute) 

 

Figure 14:  Sample WBT Normalized Carbon Concentration Histogram. 
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CO = background corrected concentration of carbon monoxide (ppm) 

CO2 = background corrected concentration of carbon dioxide (ppm) 

t= time (minute) 

Similar to the fuel consumption proxy, background concentrations of carbon were removed 

from each measurement to only account for the carbon emitted from the biomass combustion 

from the cookstove. 

  

It is hypothesized that the time rates of change of carbon concentrations represent 

how fast the fuel is being fed into the cookstove.  A positive value represents fuel feeding 

events where a new piece of fuel ignites in attempt to increase flaming.  A negative value 

represents fuel deprivation events where fire power is dropping.  Histograms of this proxy 

 

Figure 15: Sample of Time Rate of Change of Carbon Concentration Histogram For a 

WBT 
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display frequencies of fuel feeding and fuel reductions.  Similar to the fuel consumption 

histograms, evaluation of different bin sizes showed that bins of 10 ppm/minute best 

displayed the fuel feeding pattern.  Figure 15 above shows an example of a fuel feeding 

frequency distribution for a WBT.  The histogram shows that the majority of the time showed 

reductions in fire power as the mean tends to be found near negative rates of change for this 

lab WBT. 

2.6 Optical Properties of PM and the PaRTED Analysis 

Light scattering and absorption were measured in this study to examine the optical 

properties of emissions.  These measurements were coupled with combustion efficiency to 

estimate which types of particles are emitted during different combustion events.  

Additionally, a comparison between optical measurements of both scattering and absorption 

from different instruments was conducted to evaluate consistency in the measurements. 

2.6.1 Single Scattering Albedo 

Extinction of light is quantified by the attenuation of light due to scattering and 

extinction (Miles et al. 2011).   Classification of light scattering and light absorbing can help 

to identify specific properties of the particles.  The single scattering albedo (SSA) is a 

parameter that expresses the fraction of light extinction that results from scattering.  The 

following is the definition of the SSA (Seinfeld and Pandis 2012): 

𝑆𝑆𝐴 =
𝐵𝑠𝑐𝑎𝑡

𝐵𝑠𝑐𝑎𝑡+𝐵𝑎𝑏𝑠
       Eq. 5 

Where: 

 Bscat = scattering coefficient (1/Mm) 

 Babs = absorption coefficient (1/Mm) 
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 SSA = single scattering albedo (unitless) 

The single scattering albedo ranges from 0 to 1, with 0 representing fully light absorbing 

particles and 1 representing fully light scattering particles.  Although the fraction ranges from 

0 to 1, the lowest SSA values are typically black carbon which produces SSA values around 

0.2-0.25 (Bond and Bergstrom 2006).  The scattering and absorption coefficients were 

measured in the field by the red laser and PSAP, respectively.  In addition, a PAX measured 

the extinction coefficients for the lab study.  Reponses from the PAX and PSAP were 

compared by plotting the PAX vs the PSAP data from similar lab tests.  The red wavelength 

LED from the PSAP was corrected for the difference in wavelength using the absorption 

angstrom exponent estimated using the PSAP green and blue wavelengths. (Chen et al. 

2012).  The resultant plot showed the PAX and PSAP had relatively similar responses to the 

sampled particles (Appendix A).  Therefore, the PAX was able to be used for measurements 

in the lab. 

2.6.2 Modified Combustion Efficiency 

The modified combustion efficiency (MCE) is a proxy for the efficiency of 

combustion based on the emissions of CO and CO2 from biomass burning.  The following 

equation was used to calculate the MCE (Koppmann et al. 2005): 

𝑀𝐶𝐸 =
𝐶𝑂2

𝐶𝑂+𝐶𝑂2
      Eq. 6 

Where: 

 CO2 = background corrected carbon dioxide (ppm) 

 CO = background corrected carbon monoxide (ppm) 

 MCE = modified combustion efficiency (unitless) 



 

 

 

54 

The MCE can range from values of 0 to 1, with 1 considered the most efficient.     

The MCE is dependent on the type of fuel used and the type of cookstove.  The MCE was 

estimated in both the field and lab settings using the CO and CO2 measurements from the 

STEMS-1G.  Because the MCE measures efficiency based on carbon emissions, it can also 

be used as an additional device to help discern flaming and smoldering events.  Flaming 

events convert more fuel carbon to CO2 than CO, resulting in a higher MCE; whereas 

smoldering events produce more CO, resulting in lower MCE.   

2.6.3 Instantaneous Scattering Emission Factor 

The instantaneous scattering emission factor (IEFscat)  represents the amount of light 

scattering related to the particulate emissions emitted from the combustion of 1 kg of wood 

(Chen et al. 2012).  The IEFscat was estimated using the following equation (Chen et al. 

2012):    

 𝐼𝐸𝐹𝑠𝑐𝑎𝑡,𝑖 =  
𝐵𝑠𝑐𝑎𝑡,𝑖

𝐶𝑐𝑎𝑟𝑏𝑜𝑛,𝑖
        Eq. 7 

Where: 

 Bscat, i = scattering coefficient (1/Mm) = (m2/m3 air exiting combustion * 10-6) 

Ccarbon = background corrected carbon concentration (ppm) = (kg/m3 air exiting 

combustion * 10-6) 

 IEFscat,i = instantaneous scattering emission factor (m2/kg wood) 

The IEFscat is a proxy for the relationship between light scattering and mass concentration 

during a combustion event based on the fuel usage. The measurement helps with the 

comparison of different light scattering and absorbing particle during different combustion 

events. 
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2.6.4 PaRTED Analysis 

 Employing the methods of the PaRTED analysis from Chen et al. (2012), two-

variable frequency plots of the single scattering albedo (SSA) versus the modified 

combustion efficiency (MCE) were created to estimate which types of particles emitted 

during different combustion events.  The plots were generated by building a 2-Dimension 

histogram with MCE on the y-axis and MCE on the x-axis.  This was done by creating A 50 

x 50 matrix to plot the frequency of the events.  For every minute during testing, there is an 

associated SSA and MCE value, which relates to an x and y coordinate, respectively.  A 

‘count’ of how many times the x (SSA) and y (MCE) coordinates fell into a box in the matrix 

was recorded.  The plots were weighted by the IEFscat, so the ‘count’ refers to the IEFscat 

value that was tallied for each x and y coordinate.  Once all of the measurements were 

accounted for, the sum of the IEFscat in each box was normalized by the total number of 

measurements.  Therefore, each box was associated with a weighted frequency of how many 

times the respective MCE/SSA event happened.    The plots were also weighted by the IEFscat 

as a way to account for differences in particulate emission rates throughout and within tests 

based on scattering.  The 2-D histogram values for the SSA ranged from 0 to 1 and the MCE 

values ranged from 0.5 to 1.  It is expected that the different testing environments, cookstove, 

and protocols will produce unique clusters on the SSA vs. MCE plots.   An example and brief 

discussion about a PaRTED plot can be seen in Section 1.8, Figure 6.  
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CHAPTER 3: RESULTS AND DISCUSSION 

 

3.0 Analysis and Results 

 

Previous studies have shown that lab testing of biomass burning cookstoves tends to 

underestimate emission factors measured during field studies (Chen et al. 2012; Jetter and 

Kariher 2009; Roden et al. 2006).  It is our hypothesis that lab testing protocols control 

variables that are important for representing in-home use of cookstoves, such as cooking 

activity, fuel moisture content, fuel type, ambient atmospheric conditions, and the type of 

food prepared.  A comparison between field and laboratory data was conducted to better 

understand why current lab testing protocols tend to underestimate emissions from 

cookstoves. This study specifically focuses on the effects of cooking activity and fuel 

moisture content on cookstove emissions.   Table 4 shows a matrix of test scenarios 

examined in this study. The objective is to estimate the influence of fuel moisture and 

cooking activity on emissions and to identify ways in which lab tests may be made more 

representative of in-home use of stoves.  A new testing protocol will attempt to replicate field 

cooking activity and produce results more representative of in-home use of cookstoves.  
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Table 4: Cookstove Testing Matrix.  The table provides the different testing scenarios 

examined during this study and identifiers for easier comparison during analysis 

Test Setting Test Type 
Cookstove 

Type 

Avg. Fuel 

Moisture 

Number of 

Tests 
Color Code 

Field 

Control Traditional 10.9 29 Light Blue 

Intervention Chulika 10.1 14 Pink 

Lab 

Water Boiling 

Test 

Chulika 

10.7 6 Red 

24.0 3 Green 

3-Stone 

Fire 
7.7 3 Blue 

New Testing 

Protocol 

Chulika 6.4 4 Dark Red 

3-Stone 

Fire 
7.0 3 Dark Blue 

 

 

The remainder of the results section presents analyses applied to the different groups 

identified in Table 4 and the comparisons between the groups.  Section 3.1 consists of a 

detailed presentation of the analysis of a single group (Field—Chulika) of data.  The 

remaining sections will apply the same analysis while comparing testing scenarios.  The 

comparison scenarios are as follows: 

 Field—Traditional and Chulika 

 Cooking activity in Field vs Lab—Traditional, 3SF, and Chulika 

 Moisture Content in Lab—Chulika 
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The comparisons of field and lab testing of cookstoves led to the creation of the NTP.  A 

section of the results describes how the NTP approach was developed and a general 

procedure for conducting the test.  The final section compares cookstove use and emission 

characteristics from the field to the NTP to evaluate how representative the NTP is of field 

measurements. 

3.1 Analysis of Real-time and Integrated Measurements During Emission Tests 

3.1.1 Emission Profiles 

 Understanding the meaning of the variations of the carbon concentration time series 

is crucial for analyzing cookstove operation.  Figure 16, plot #1 displays key components of 

the carbon concentration profile measured from a field test and how each relates to stove 

operation.  The carbon concentrations were measured during an in-home test of a Chulika 

cookstove.  The carbon concentration profiles are utilized to infer different cooking events 

since the actual cooking activity was not observed in the field.   

The different peaks and troughs found throughout the profile suggest that household 

cooking is highly variable, with cooking ranging from high power to smoldering events.   

Plot #2 shows the light scattering and absorption coefficients measured by the red laser on 

the PEMS board (gray line) and the 3-λ PSAP, respectively.  The red, green, and blue lines 

represent the PSAP absorption coefficients for each corresponding colored LED.  Plot #2 

exhibits how the extinction properties vary with the different carbon emissions in plot #1, as 

the extinction coefficients tend to follow a somewhat similar pattern to the carbon 

concentrations.  In plot #3, the PaRTED analysis variables of MCE, SSA, and IEFscat are 

plotted. 
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In Figure 16, plot #1, event A represents the portion of the time series where background 

concentrations were measured prior to igniting the fire.  The background concentrations of 

CO and CO2 are important to measure because the values were subtracted from the 

measurements to account for only the carbon that was emitted from the cookstoves.  Event B 

shows where the fire was ignited and logs were added to the fire to reach high flaming 

needed to heat up the food being prepared quickly.  Each of the peaks, such as the peak at 

event F, are likely high flaming events where fuel is combusting at a very rapid rate and 

emitting relatively large amounts of CO2.  Following each peak, the CO2 levels decrease, 

presumably as the fuel burns down.  The flames during this period are inferred to be less 

intense as the high flaming, and thus are considered to be intermediate flaming, as 

represented by event D.  Intermediate peaks, similar to the peak seen at event C, suggest that 

the biomass in the fire was adjusted for better combustion.  When the carbon concentrations 

were slowly decreasing, the combusting fuel was being consumed and no additional fuel was 

being added.   Low emitting carbon concentration periods where no flaming occurs is 

considered smoldering, represented by event E.  Detection of flames cannot be determined 

solely by the carbon concentration alone.  Additional information, such as the extinction 

coefficients and MCE, are needed to better identify smoldering and flaming events. 

 The different flaming and smoldering events influence the optical properties 

of the particulate matter emitted during combustion.  Plot #2 displays measurements of the 

absorption and scattering coefficients.  Event B emitted a large amount of light scattering and 

light absorbing particles.  Close examination of the ignition event shows a peak in the  
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Figure 16: Data from a field test using 2 Chulika Stoves.  Plot #1 displays the carbon 

concentration profile, plot #2 displays the 3-λ PSAP absorption coefficients and the red 

laser scattering coefficient, plot #3 displays the SSA, MCE and IEFscat time series.  The 

letters in plot #1 depict specific cooking activities described in the text. 
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scattering coefficient during the start of ignition which is most likely caused the release of 

volatiles as the fuel starts to heat up.  Once the fire caught, the temperature increased and the 

combustion intensified, the light scattering particles decreased and the light absorbing were 

observed.  The peaks found in the absorption coefficient measurements tend to correlate to 

high flaming events where larger amounts of light absorbing particles are emitted at high fire 

power (Johnson et al. 2010).  This supports the idea that once the fire was ignited, the 

biomass caught and created high flaming, which resulted in the initial peak of the absorption 

coefficient.  After each peak, the flaming transitioned into intermediate flaming events and 

produced less light absorbing particles resulting in a lower absorption coefficient.  During 

event E, the absorption coefficient approached zero and the scattering coefficient also 

decreased.  During smoldering, the lack of flames causes the emitted volatile matter to 

condense to form OC particles that scatter light (Johnson et al. 2010).  Therefore, smoldering 

events are typically characterized by low carbon concentration and particle emissions, with 

the particle emissions mainly consisting of light scattering particles. 

 Plot #3 displays the corresponding time series data of the MCE, SSA, and the IEFscat 

for the field test.  The time series show that during event E when smoldering occurred, the 

extinction of light was mainly attributed to light scattering particles as the SSA value 

approached 1.  Additionally, the MCE was slightly lower during the smoldering (0.90 as 

opposed to 0.95 during high flaming) as more CO was emitted as a result of less efficient 

combustion.  Conversely, when high flaming events occurred, the absorption coefficient 

greatly influenced the SSA with values less than 0.5 and the MCE values were closer to 1.  

With respect to the IEFscat time series, the peaks followed the scattering coefficient, which is 
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expected since the IEFscat was calculated using the scattering coefficient.   The objective of 

evaluating the instantaneous SSA, MCE, and IEFscat values was to estimate the type of 

particles emitted during different combustion efficiency periods, which is later displayed in 

the PaRTED analysis.  

 Overall, the main point of Figure 16 is that field emission data are highly variable.  

Relatively high varibility in the emission profiles can be attributed to the type of food being 

prepared, specific cooking styles, and fuel type, among other reasons.  For example, the 

major decrease in carbon concentrations during event E in plot #1 could have been because 

the stove operator had to look after children and accidentally let the fire die down to 

smoldering.  Being able to characterize these events can be difficult; however, using the 

carbon concentration profiles as a way to approximate cookstove operation can provide 

insight on typical cooking activity that occurs in the field. 

3.1.2 Fueling Properties 

The carbon concentration profiles, such as the profile shown in Figure 16, were 

utilized to create proxies for fuel consumption and fuel feeding.  As mentioned before, the 

actual cooking activity was not directly observed in the field, but inferences on the cooking 

activity can be postulated from the concentration profiles.  Figure 17 below displays the 

normalized carbon concentration and time rate of change of carbon concentration histograms 

for the group of field tests using Chulika cookstoves.   

The fuel consumption proxy histogram can be used to estimate the time spent in 

different cooking phases, such as high powered cooking and low powered cooking.  Focusing 

on plot A, the frequency distribution of the normalized carbon concentrations formed a 
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bimodal distribution.  The distribution has a mode located near 0.7 and 0.8 and the other 

mode is located near 0.2.  The mode around the higher values of normalized carbon suggests 

that there was a high frequency of high powered cooking events.  The mode located near the 

lower normalized carbon value infers that there was also a high frequency of low powered 

cooking events.  The histogram shows that there is variability of cooking events but the 

majority of the time spent cooking is mainly in high or low powered cooking.  

 

Figure 17: Fuel consumption proxy (A) and fuel feeding proxy (B) frequency distributions 

from field testing using 2 Chulika cookstoves (n=14). 

 

The fuel feeding proxy frequency distribution displays a slightly negative skew, 

which represents a large portion of the test was spent transitioning from high powered to low 

powered cooking events.  The peak of the distribution also occurs at a slightly negative time 

rates of change of carbon concentrations for similar reasons.  This is expected of the 

histogram because high powered cooking can be achieved quickly while it takes a longer 

time to decrease from high to low powered cooking.  This can be observed in Figure 16, plot 

A B 
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#1.  The time it took to transition from event D to E is substantially longer than the transition 

from the end of event E to event F.  

3.1.3 PaRTED Analysis 

Plot #1 and #2 in Figure 16 suggested that there is a relationship between cooking events and 

the optical properties of particles.  In the PaRTED analysis, a visual representation of the 

frequency of these paired events makes comparing the two properties simpler.  Figure 18 

displays the PaRTED analysis and MCE and SSA histograms for all field tests using 2 

Chulika Cookstoves.  The PaRTED analysis in plot B for the field data revels two clusters of 

particles.  The first cluster occurs centered on an SSA value of 0.4 and an MCE value of 

0.95.   
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These values most likely represents emissions of black carbon during high efficiency burning 

(Roden et al. 2006).  The second cluster arises near an SSA value greater than 0.9 and an 

MCE range of 0.8 to 0.9.  It is expected that this cluster represents light scattering particles 

emitted during smoldering events.  Even though there are two relatively distinct clusters of 

 

Figure 18: PaRTED analysis and MCE and SSA frequency histograms for field tests with 2 

Chulika cookstoves.  The plots are as follows: (A) MCE (B) PaRTED analysis (C) SSA.  

The MCE and SSA histograms help visualize the frequencies in one-dimensional and show 

the variability of particles emitted during the combustion events. 

B 

C

C 

A 
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particles as described above, there are also a wide variety of emissions of particles emitted 

during other combustion efficiencies.  Looking at the SSA histogram in plot (C), the two 

modes in the SSA, located near 1.0 and 0.45, match up with the clusters found in the 

PaRTED analysis.  The histogram also shows that there is high variability in particulate 

optical properties that are emitted from biomass burning cookstoves.  The MCE histogram in 

plot (A) has a mode near higher MCE values, but a small tail forms at lower MCE values.  

The lower MCE values tend to produce more light scattering particles.  This is supported by 

the PaRTED analysis as the plot shows the majority of the light scattering particles are 

emitted during lower MCEs.  

  

 
Figure 19: Estimated MSC values represented by the slope of the PM concentration vs 

average scattering coefficient plot.  The fit was linear and forced through zero.  The slopes 

of each color coded line are in parenthesis after the respective label in the legends.  

C=Chulika.  95% confidence intervals for the slopes can be found in Table 13 in Appendix 

E. 
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Justification of the use of the PaRTED analysis comes from using the IEFscat as a 

proxy for the instantaneous emission of PM.  It was assumed that the IEFscat was able to be 

used because the mass scattering cross-section (MSC) was relatively consistent throughout 

testing. The MSC values were estimated by plotting the average gravimetric PM 

concentration versus the average scattering coefficient for each test.  The PM concentrations 

came from the filter measurements and the average scattering coefficient was from the red 

laser photometer on the PEMS board.  Figure 19 displays the MSCs as the slope of each 

testing scenario.  The average MSC for all of the tests combined was 1.38 m2/g and ranged 

from 1.18 m2/g to 2.54 m2/g. The MSC for particles smaller than a micrometer found in the 

atmosphere is typically around 3 m2/g but is dependent upon the particle characteristics 

(Malm et al. 1994).  The cyclone at the inlet of the STEMS-1G removes particles that are 

bigger than 2.5 micrometers.  Therefore, there is potential to have particles measured that are 

bigger than a micrometer.  Additionally, because there is a fraction of light absorbing 

particles in the sample, this could lower the MSC value (Roden et al. 2006).  Even with 

varying MSC values, the IEFscat can give a good approximation of the magnitude of the 

emission rates, even if they are not precise.  With the exception of the NTP using the 3SF, 

the MSC within each testing remained relatively the same, therefore justifying the use of the 

PaRTED analysis. 

3.1.4 Emission Factors 

Emission factors were calculated using the carbon balance method, assuming that for 

each test, the measurements were taken at a relatively constant dilution throughout the whole 

test (Roden et al. 2006).  Figure 20 displays a plot of emission factors of field measurements 
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for traditional and Chulika cookstoves.  Average emission factors and the standard deviation 

were included on the box and whisker plots from other studies as a basis for comparison.  

Table 5 details information about the type of cookstove used during each test.  The tests from 

the Grieshop (2011) paper were taken from a literature review of lab tests with improved 

cookstoves. 

 

 

Figure 20:  Emission Factors of CO, PM2.5, EC, and EC/TC for field tests using 2 Chulika 

cookstoves.  The specific emission factors are found in the following plots: (A) CO (B) 

PM2.5 (C) EC (D) EC/TC (Grieshop et al. 2011; Roden et al. 2006; Saud et al. 2012). 

 

 

B 
A 
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When comparing the emission factors, it is important to consider the variability 

among the estimated emission factors.  For example, in plot (B) for the PM emission factors, 

the inner quartiles of the box and whisker plot for the traditional cookstove ranged from 

around 5 to 8 g PM2.5/kg of fuel and the 95th percentiles range from around 3.5 to 11 g 

PM2.5/kg of fuel.  The same ranges of the PM emission factors for the improved cookstove 

are 4 to 6 g PM2.5/kg of fuel and 3 to 7.5 g PM2.5/kg of fuel, respectively.  Additionally, the 

50th percentiles for the traditional and improved cookstoves are 6 and 5.5 g PM2.5/kg of fuel, 

respectively.  Inspection of just the 50th percentile would suggest that the improved  

cookstove reduced the CO emission factor by 0.5 g PM2.5/kg of fuel.  However, the 5th and 

95th percentiles from the traditional cookstove enclose the majority of the 5th and 95th 

percentiles of the improved cookstoves percentiles.  This suggests that there was a large 

amount of variability in estimating the emission factors compared to the improved stoves.  

Another source of variability would be that the field tests occurred during different seasons, 

which could have an effect on the cookstoves.  Therefore, caution was taken when making 

inferences about patterns and trends seen in the emission factors because of the variability. 
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Table 5: References for Emission Factors from Other Relevant Studies 

Test Setting Study Cookstove Type 

Lab 

Roden et al. 2009 
Traditional 

Improved 

Jetter et al. 2012 
Traditional 

Improved 

Smith et al. 2000 
Traditional 

Improved 

Field 

Roden et al. 2009  
Traditional 

Improved 

Grieshop et al. 2011  Improved 

Saud et al. 2012 Traditional 

  

Table 6 displays the mean, standard deviation, 95th confidence interval, and absolute 

and relative changes of the emission factors for the field testing.  The two sample t-test 

showed that the reduction in the PM (1.27g/kg of fuel) and CO (15.9 g/kg of fuel) emission 

factors was statistically different (with 95% confidence).  Looking at the confidence intervals 

between the cookstoves, the only overlapping 95th confidence interval was the PM emission 

factor, but even then the mean value was still statistically different.  The EC and EC/TC 

increased for the Chulika by nearly 70% and 120% when compared to the traditional 

cookstove, respectively.  The increase in the EC and EC/TC ratio suggests that the Chulika 

creates more black carbon than the traditional cookstoves.  These differences were expected 

because the Chulika is an improved and more efficient cookstove. A full table of statistics 

can be found in Appendix C. 
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Table 6: Emission Factors for Field Testing: Traditional vs. Chulika Cookstove. 

Scenario E.F. Mean S.D. 95% C.I. 

Absolute 

Change1,2 

Relative 

Change3 

Field 

Traditional 

PM 6.55 2.14 (5.73, 7.36) -- -- 

CO 83.8 17.33 (77.1, 90.5) -- -- 

EC 0.76 0.489 (0.57, 0.95) -- -- 

EC/TC 0.23 0.15 (0.17, 0.29) -- -- 

Field 

Chulika 

PM 5.28 1.48 (4.42, 6.14) -1.27* -19.4% 

CO 67.9 11.98 (61.0, 74.9) -15.9* -19.0% 

EC 1.29 0.42 (1.05, 1.54) 0.53* 69.7% 

EC/TC 0.51 0.18 (0.41, 0.61) 0.28* 121.7% 

1. Absolute change is the mathematical difference between the mean value of the 

traditional scenario versus the Chulika scenario 

2. The testing for each type of cookstove occurred over two different seasons.  The 

seasonality could influence the emissions through differences in fuel moisture content 

and the type of food cooked, for example. 

3. The relative change is the percent change in the mean value of the Chulika test 

compared to the traditional test. 

* = statistically significant difference, 95% confidence level 

 

3.2 Traditional and Chulika Stove Comparison 

The previous method of analyzing and interpreting the emissions data was utilized for 

all of the cookstove testing scenarios.  The comparison of the testing scenarios will be based 

on the following: normalized carbon concentrations histograms, time rate of change of 

carbon concentration histograms, PaRTED analysis, and emission factors. The analysis 

attempts to define the differences between the traditional and improved cookstove tested in 

the field setting. 

3.2.1 Fueling Properties 

 Analysis of the time series data from the traditional and improved cookstove from the 

field were utilized to generate the fuel consumption proxy and fuel feeding proxy histograms.  
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Figure 21 displays the normalized carbon concentrations and time rate of change of carbon 

concentration histograms for the traditional and Chulika cookstoves.  The fuel consumption 

proxy suggests that the traditional cookstoves tend to spend a large portion of time in the low 

powered range (below 0.4) and relatively small amounts of time in the high powered range 

(above 0.6).  Further examination of the carbon concentration profiles for the traditional 

cookstove revealed that high powered cooking was difficult to achieve and a substantial 

amount of smoldering occurred.  The frequency distribution for the normalized carbon 

concentrations from the Chulika produced more of a bimodal distribution with modes 

occurring in the high powered and low powered cooking phases.  

 The time rate of change of carbon concentration frequency distributions for both the 

traditional and Chulika cookstoves were relatively similar.  The mode tended to be located 

near zero or slightly negative values.  A noticeable trend in both histograms was the negative 

skew.  The negative skew means a larger portion of the time was spent with diminishing 

carbon emissions, or transitioning from high flaming to smoldering.  This trend was expected 

because transitioning from low flaming to high flaming can occur faster than high flaming to 

low flaming during natural combustion events.   
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Based on this discussion of normalized carbon concentration and fuel feeding 

histograms, the trends suggest that cooking activity varies with the type of cookstove used.  

The fuel feeding proxy showed that the feeding rates of the cookstoves were relatively  

similar.  Even though the cookstoves showed similar feeding rates, the cooking activities 

were substantially different.  For example, the traditional stove was unable to sustain high 

powered cooking like the Chulika in the field setting.  The design of the Chulika helped to 

sustain the high powered cooking for longer periods of time. 

 In order to statistically compare the normalized carbon concentration and time rate of 

change of carbon concentration histograms above, the two sample Kolmogorov-Smirnov (K-

 

Figure 21: Normalized carbon concentration and time rate of change of carbon 

concentration histograms for the field and lab testing. (A) Field—Traditional (B) Field—

Chulika  

A B 
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S) test was used.  The two sample K-S test is used to test if two independent samples could 

come from a similar distribution or not (Sheskin 2003).  In this case, the two sample K-S test 

will be used to see if the normalized carbon concentration histograms from the traditional and 

Chulika cookstoves are similar or not.   

 The normalized carbon concentration and time rate of change of carbon concentration 

histograms were converted to a cumulative distribution function (CDF) in order to be used 

with the two sample K-S test.  The null hypothesis (Ho) for the two sample K-S test is that 

the two CDFs come from a similar distribution.  The alternative hypothesis (Ha) is that the 

distributions are significantly different and do not come from a similar distribution.  The K-S 

test methodology uses the maximum difference between the cumulative distribution 

functions for each bin size as the method for testing the hypothesis.  The critical value is 

estimated by the following equation: 

𝐷𝑚,𝑛,∝ = 𝑐(∝)√
𝑚+𝑛

𝑚𝑛
      Eq. 8 

Where: 

 Dm,n,α = critical value of hypothesis test 

 c(α) = Kolmorogov distribution 

 α = confidence level (0.05) 

 m = sample size from 1st histogram 

 n = sample size from 2nd histogram 
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If the maximum difference, symbolized by Dm,n where m and n are the number of samples of 

each of the histograms, is greater than the critical value (Dm,n,α), then the null hypothesis is 

rejected and the distributions are not similar.  

 

 

Figure 22: CDFs for (A) normalized carbon concentration and (B) time rate of change of 

carbon concentration for the field testing of traditional and Chulika cookstoves. 

A 
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Figure 22 displays the CDFs for the field testing using the traditional and Chulika 

cookstoves.  The critical value and maximum difference between the normalized carbon 

concentration CDFs for the two sample K-S test are as follows: Dm,n,α = 0.0374, Dm,n = 

0.1866.  Therefore, the null hypothesis is rejected and the two histograms are different.  The 

time rate of change of carbon concentration CDFs were not significantly different with Dm,n,α 

= 0.0374 and Dm,n = 0.1508.  It was expected that the normalized carbon concentration 

distributions were different because of the different cookstove used for the testing scenario.  

The time rate of change of carbon concentrations were unexpectedly similar, but could be 

because of similar fuel feeding of the cookstoves by the operator. 

3.2.2 PaRTED Analysis 

Taking the trends derived from the fuel consumption and fuel feeding proxies and 

applying the PaRTED plots provided a better understanding of the occurrence of different 

particulate emission events.  In Figure 23, the PaRTED plots for the traditional (A) and 

Chulika (B) are shown.  In the traditional cookstove normalized carbon concentration 

histogram, the majority of time spent was in a low powered cooking phase.  The low 

powered cooking tends to emit more unburned volatiles resulting in higher scattering 

coefficients.  The PaRTED analysis supports this concept as a large cluster appeared with 

SSA values greater than 0.75 and MCE values between 0.8 and 0.95.  The minimal time 

spent in the high powered cooking phase produced less dark, absorbing particles, as shown 

by the lack of cluster in smaller values of SSA.  In contrast, as discussed above in this 

section, two clusters were found on the Chulika’s PaRTED plot, which could be related to 

the bimodal distribution of the normalized carbon concentration.  The high powered cooking 
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phase with MCE values close to 1 produced more light absorbing particles with SSA values 

in the range of 0.3 to 0.5.  The low powered cooking phase with lower MCE values generated 

more light scattering particles with SSA values closer to 0.9. 

 

 

Similar trends to the fuel consumption and fuel feeding proxies were seen in the 

PaRTED plots.  The field data only had 1 cluster in the PaRTED plot like the fuel 

consumption proxy histogram had 1 mode.  The mode related to low powered cooking, 

which is typically when light scattering particles are emitted.  Changing the cookstove to the 

Chulika resulted in two clusters, one with light scattering properties and one with light 

absorbing properties.  These relationships also suggest that the cookstove type influences the 

types of emissions from the combustion of biomass. 

 

 

Figure 23: 2-Dimension frequency distributions of MCE vs SSA from field testing of 

traditional (A) and Chulika (B) cookstoves. 

A B 
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3.2.3 Emission Factors 

 The general trends of the emission factors were discussed in section 3.1.4 using 

Figure 20 and this paragraph briefly covers the main points of that section.  The plots in 

Figure 20 suggested that there was a slight decrease in median CO and PM emission factors.  

The decrease was expected because of the Chulika’s thermal efficiency promotes higher 

combustion temperatures and more efficient conversion of fuel carbon to CO2.  Elemental 

carbon and the EC/TC ratio increased for the Chulika stove since higher combustion 

temperature create a more favorable environment for the production of black carbon.  From 

the fueling properties and PaRTED analysis, the increase in EC and EC/TC was expected 

because black carbon, which has a high absorption coefficient, also tends to be emitted 

during high flaming events.   

 

3.3 Field Tests versus Laboratory WBTs 

 The objective of the water boiling test is to estimate emissions and evaluate the 

thermal efficiency of the stove.  The first two phases, the cold start and hot start, are 

attempting to boil water as quickly as possible with high powered cooking.  The last phase, 

the simmering phase, attempts to capture the low fire power by simmering water.   

3.3.1 Fueling Properties 

Comparing the cooking activity in Figure 24, the normalized carbon concentration 

histogram for the traditional cookstove in the field and 3SF cookstove in the lab greatly 

differed.  The field data has a large mode in lowered powered cooking below 0.4.  The WBTs 

with the 3SF produced higher powered cooking, with the mode occurring between 0.5 and 

0.7 of the normalized carbon concentrations. Even in the lab, the 3SF was unable to sustain 
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high powered cooking for extended periods during the test.  An observation made during the 

laboratory testing of the 3SF was that the fire was hard to get started and controlled until the 

surrounding stones were hot. This makes sense because of all the radiant heat loss due to an 

uncontained fire. The slow starts to the WBTs increased the percent frequency in the lower 

normalized carbon concentration distribution. 

 

Figure 24: Fuel consumption proxy histograms for the following group of tests scenarios.  

(A) field traditional (B) field Chulika (C) lab 3SF (D) lab Chulika 
 

 

 

A B 

C D 
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The WBTs for the Chulika only account for the high powered cooking that is found in 

field measurements.  The fuel consumption proxy distribution for the Chulika tends to form a 

bimodal distribution for the field tests, with the higher normalized carbon values representing 

high fuel consumption and the lower normalized carbon values representing smoldering.  The 

Chulika’s frequency distribution constructed from the lab results differs from the field data 

because WBTs tend only account for a high power phase.  The consumption of fuel at high 

rates created a unimodal distribution that is centered at higher normalized carbon values.  

Therefore, the WBTs only account for high fuel consumption and high powered cooking and 

the field tests show a wide variety of both.   

In order to compare the histograms, the two sample K-S test was conducted on the 

following 3 sets of comparisons: Field traditional and WBT 3SF, field and WBT Chulika, 

and WBT 3SF and Chulika.  Figure 25 displays the CDFs for the normalized carbon 

concentrations and time rate of change of carbon concentrations in this comparison and Table 

7 displays the test statistics used to determine statistical differences.  Looking at Table 7, the 

laboratory tests do not have a similar cooking activity to the field tests.  In the comparison of 

the lab tests using different cookstoves, the distributions were also significantly different. 

This result was expected because the stored heat in the Chulika allowed for higher cooking 

power than the 3SF, resulting in a different CDF. 
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Table 7: K-S Test Results for Comparing Histograms 

Comparison 

Normalized Carbon 

Concentration 

Time Rate of Change of Carbon 

Concentration 

Dm,n,α Dm,n 
K-S 

Result 
Dm,n,α Dm,n K-S Result 

Field-Traditional 

and WBT-3SF 
0.0762 0.2274 Different 0.0762 0.1508 Different 

Field-Chulika and 

WBT-Chulika 
0.0642 0.2418 Different 0.0642 0.1101 Different 

WBT-3SF and 

WBT-Chulika 
0.0923 0.1997 Different 0.0923 0.1157 Different 
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Figure 25: CDFs of field testing using a traditional and Chulika cookstove and laboratory 

WBTs using a 3SF and Chulika for the (A) normalized carbon concentration and (B) time 

rate of change of carbon concentration. 

A 

B 
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Even when using different cookstoves, the similar pattern in the fuel consumption 

proxy histograms were seen.  The 3SF’s fuel consumption proxy frequency distribution 

formed a unimodal distribution in an intermediate cooking phase between high and low 

powered cooking.   The 3SF inability to sustain very high powered cooking contributed to the 

slight shift to lower powered cooking compared to the other frequency distributions.  

Additionally, the relatively slow starts to each of phases also caused a higher frequency of 

smoldering or low powered cooking events compared to other WBTs. 

Figure 26 displays the fuel feeding proxy histograms for the lab and field tests.  When 

comparing the field and lab measurements, the time rate of change of carbon concentrations 

from the traditional cookstove emissions measured in the field seen tended to have a higher 

frequency in the negative values of the distribution.  The large portion of low powered 

cooking in the field influenced this region as the transition from high power to low power 

often takes much longer than the shift from low to high power.  In the laboratory WBTs with 

the 3SF, a slight shift right in the mode occurred near the center of the distribution.  It is 

inferred that the fire needed to be tended to and adjusted more.  This would cause small 

peaks, such as those seen in event C in Figure 26, and causing the slight shift right.  

Additionally, the lab has less frequency in fuel reduction stages and more in the fuel feeding 

due to the cold and hot start phases of the WBT requiring high feeding rates.   
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The field data for the Chulika tends to have an even distribution of fuel feeding 

centered on zero, with a slight skew towards negative values.  This was expected since there 

was both smoldering and flaming occurring in cooking activity observed in the field.  With 

the Chulika, it is speculated that the different feeding patterns could be contributed to the 

insulated combustion chamber. Some of the heat that is stored in the cookstove can help to 

keep the food warm while using less biomass.  Examining the carbon concentration profile 

for the Chulika WBTs, the majority of the profile is spent slightly fluctuating during high 

powered cooking or transitioning from ignition to high powered cooking.  This explains the 

trend of the fuel feeding frequency distribution having a mode located at a slightly negative 

 

Figure 26: Fuel feeding proxy histograms for the following tests.  (A) field traditional (B) 

field Chulika (C) lab 3SF (D) lab Chulika 

A B 

C D 
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value and with a skew toward positive values.  The largest divergence between these two 

field and lab histograms is smoldering does not occur in the WBTs which gives reason to the 

lack of large negative changes in carbon concentrations. 

The time rate of change of carbon concentrations for both cookstoves tested in the lab 

had significantly different histograms.  Using the 2 K-S test to statistically compare the 

histograms, the CDFs were significantly different for the given testing scenarios, as seen in 

Figure 25 and Table 7.  The testing protocol produced different histograms, even when two 

different types of cookstoves were used.  The 3SF’s distribution shifted slightly to the right, 

which is most likely from the extended amount of time it took to get the fire started during 

each phase, causing a higher frequency in positive values, compared to the Chulika’s 

distribution.   

3.3.2 PaRTED analysis 

 Figure 27 displays the four PaRTED plots for the lab and field tests using the Chulika 

and traditional cookstoves.  The traditional cookstoves from field measurements, found in 

plot A, had a cluster of particles with an MCE value greater than 0.8 and an SSA value 

greater than 0.7.  This was due to low powered cooking emitting the light scattering particles.  

The lab testing of the 3SF, found in plot C, produced a large range of particles ranging from 

SSA values of 0.2 to 0.9 and MCE values between 0.85 and 0.95.  There also seems to be a 

slightly linear relationship between MCE and SSA.  The SSA is lower at higher MCE values 

vice versa.  The normalized carbon concentration distribution revealed that the majority of 

burning occurred in an intermediate range between high and low power.  Therefore, there 

were no specific modes of flaming to generate a specific cluster of light scattering or 
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absorbing particles like the one seen in the traditional field cookstove PaRTED analysis.  It 

should be noted that the sample size was relatively smaller in the lab than in the field, so the 

clusters might not have fully emerged in the field study.  

 

 

 

Figure 27: PaRTED plots for the following tests.  (A)Field—traditional (B) field—Chulika 

(C) lab—3SF (D) lab—Chulika 

A B 

C D 
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The PaRTED plots for the Chulika in the lab and field varied greatly.  In plot D, the 

laboratory WBTs using the Chulika tended to produce a cluster with MCE values above 0.9 

and SSA values in the range of 0.1 to 0.3, which are SSA values similar to those of BC.   

This was expected because the flaming and high powered cooking during the WBTs are 

favorable for BC formation when burning biomass.  There were particles emitted with lower 

SSA values for the Chulika WBTs, but the points were too spread out to be considered a 

cluster.   In plot B, the field data clustered in two areas; one cluster with MCE values above 

0.9 and SSA values between 0.4 and 0.5 and the other cluster with SSA values above 0.9 and 

MCE values between 0.75 and 0.95.  The first cluster is similar to the lab testing cluster, in 

that it most likely represents black carbon emitted during flaming events.  The second cluster 

represents high scattering particles that were emitted during lower powered cooking events.   

The lab tests do not produce the second cluster of particles emitted during biomass 

combustion in cookstoves because minimal low powered cooking occurs in the WBTs. 

A wide spectrum of particulate patter were emitted from the 3SF when compared to 

the Chulika.  The large band on the 3SF PaRTED plot displays the variability in particle 

emitted during combustion.  The graph shows at comparatively higher MCE values, 

absorbing particles with lower SSA values were emitted and at lower MCE values, scattering 

particles with higher SSA values were emitted.  Overall, comparing the plots for the Chulika 

and 3SF illustrates that even when using the same testing protocol, the particulate emissions 

are different.   
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3.3.3 Emission Factors 

The emission factors provide a comparison of the performance of different 

cookstoves in each setting. Figures 28 and 29 display the emission factors for PM, CO, EC, 

and EC/TC ratio for the lab and field testing of traditional and Chulika cookstoves.  For 

testing scenarios with small sample size, color coded (see Table 4) markers were used to plot 

the emission factors from individual tests.   The lab tests tended to underestimate the field 

emission factors, which supports the original hypothesis that lab testing is not representative 

of field testing.  Patterns in the emission factors seen in previous studies, like in Section 

1.7.2, also occurred in the comparison of this study’s laboratory and the field tests.  For 

example, the 3SF had lower mean values for the PM and CO emission factors compared to 

the traditional cookstoves, with reductions of 2.95 g/kg (-45%) and 23.1 g/kg (-27.6%) for 

the PM and CO emission factors, respectively, and were tested, using the two sample t-test, 

to be statistically different.  Conversely, the 3SF WBT’s mean EC emission factor increased 

by 0.11 (14.9%) and EC/TC ratio increased 0.13 (57.8%) compared to the traditional 

cookstove in the field, with only the EC/TC ratio to be statistically significant.  The Chulika 

saw similar trends for the PM and CO emission factors and the EC/TC ratio, but there was a 

reduction in the EC emission factor, as seen in Table 8.   This analysis raises the impression 

that the emission factor is a function of the cookstove, but cannot be proved just based on this 

comparison.  
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Table 8: Comparison of Emission Factors for Field vs WBT with Traditional and Improved 

Cookstoves 

Scenario E.F. Mean S.D. 95% C.I. Absolute Change1 Relative Change2 

Field 

Traditional 

PM 6.55 2.14 (5.73, 7.36) -- -- 

CO 83.8 17.33 (77.1, 90.5) -- -- 

EC 0.76 0.49 (0.57, 0.95) -- -- 

EC/TC 0.23 0.15 (0.17, 0.29) -- -- 

Field 

Chulika 

PM 5.28 1.48 (4.42, 6.14) -- -- 

CO 67.9 11.98 (61.0, 74.9) -- -- 

EC 1.29 0.42 (1.05, 1.54) -- -- 

EC/TC 0.51 0.18 (0.41, 0.61) -- -- 

WBT 

3SF 

PM 3.6 0.14 (3.25, 3.95) -2.95* -45.0% 

CO 60.7 1.50 (57.0, 64.4) -23.10* -27.6% 

EC 0.873 0.10 (0.63, 1.12) 0.11 14.9% 

EC/TC 0.363 0.04 (0.27, 0.45) 0.13* 57.8% 

WBT 

Chulika 

PM 2.25 0.44 (1.79, 2.71) -3.03* -57.4% 

CO 29.6 5.99 (23.4, 35.9) -38.30* -56.4% 

EC 1.02 0.21 (0.80, 1.24) -0.27 -20.9% 

EC/TC 0.67 0.83 (0.58, 0.76) 0.16 31.4% 

1. Absolute change is the mathematical difference between the mean value of the field scenario and 

the laboratory scenario using similar types of cookstoves. 

2. The relative change is the percent change in the mean value of the laboratory test compared to the 

field test using similar types of cookstoves. 

* = statistically significant difference, 95% confidence level 
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Figure 28: Emission Factors for PM and CO for traditional and Chulika cookstoves in the 

field and lab testing environment.  The color coded markers and lines for the lab testing 

scenarios represent each individual test and the 95th percentile for the test.  The orange 

symbols and bars represent the mean and 95th percentiles for previous studies using similar 

cookstoves.  (Grieshop et al. 2011 p. 2011; Jetter et al. 2012; Roden et al. 2006, 2009). 
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Figure 29: Emission Factors for EC and EC/TC ratio for traditional and Chulika 

cookstoves in the field and lab testing environment.  The color coded markers and lines for 

the lab testing scenarios represent each individual test and the 95th percentile for the test.  

The orange symbols and bars represent the mean and 95th percentiles for previous studies 

using similar cookstoves. (Grieshop et al. 2011; Roden et al. 2006, 2009; Saud et al. 2012). 
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The range of different results between lab and field testing seen above is supportive 

of the hypothesis that cooking activity observed in laboratory testing protocols is not 

representative of the cooking activity observed in the field.  The trends seen in the lab testing 

protocols only account for high powered cooking events.  Not only does the lab not account 

for low powered cooking events, it also does not create particulate emissions associated with 

the low powered cooking events.  Therefore, in order to create a representative laboratory 

testing protocol, these factors need to be accounted for. 

3.4 Influence of Fuel Moisture and Cooking Activity 

 To eliminate one possible contributor to the observed variation between lab and field 

emission tests, two levels of fuel moisture were tested using WBTs.  The average moisture 

content in the oven dried and wet fuel were 8.8% and 24.0% on a dry basis, respectively.  

Figure 30 displays a box and whisker plot of the fuel moisture of different testing scenarios.  

The same analysis including the fuel consumption and fuel feeding proxies, PaRTED 

analysis, and emission factors were used to compare the WBTs using the Chulika cookstove. 

 
Figure 30:  Measured Moisture Content (%) of the Fuel Used During Testing.  
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3.4.1 Fueling Properties 

 Figure 31 displays the fuel consumption and fuel feeding proxies’ histograms for both 

moisture content cases.  The normalized carbon concentration and time rate of change of 

carbon concentration histograms were not substantially affected by the fuel moisture. The 

main difference between the tests was the cold start phase.  While using similar kindling of 

paper, cardboard, and small, thin pieces of red oak, the moisture content in the wet wood 

provided more difficulty in bringing the fire from start to flaming events. This increased the 

time spent in the cold start phase when using wet wood by nearly 13 minutes.  In the hot start 

phase, the thermal energy absorbed by the cookstove from the cold start phase fostered a 

faster start to high flaming time.  This had more influence on the fuel feeding proxy than the 

fuel consumption proxy, as the normalized carbon concentrations were relatively similar for 

both moisture contents.  The cold start affected the shape of the fuel feeding proxy histogram 

by replacing higher fuel feeding rates with smaller changes in carbon concentrations with 

respect to time.  The distribution is less positively skewed and more centered at zero. 
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Figure 31: Fuel consumption and fuel feeding proxy histograms for the oven dried (left) 

and wet (right) wood used during Chulika WBTs in the lab.  

  

 The normalized carbon concentration CDFs for both the wet and oven dried wood are 

relatively similar.  The statistical analysis indicated that there was no significant difference 

between the distributions, with a Dm,n,α =0.0908 and Dm,n = 0.0480.  The time rate of change 

of carbon concentration CDFs are also similar with Dm,n,α =0.0908 and Dm,n = 0.0374.  Figure 

32 displays the normalized carbon concentration CDFs for the oven dried and wet wood 

scenarios using the Chulika cookstove. 

A B 

C D 
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Figure 32: (A) Normalized carbon concentration and (B) time rate of chance of carbon 

concentration CDFs for the wet and oven dried wood during WBTs using a Chulika 

cookstove. 

A 
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3.4.2 PaRTED Analysis 

Figure 33 displays the results for the PaRTED analysis for the different fuel moisture 

contents.  The moisture content in the fuel did not influence the types of particle emitted 

during combustion.  A similar cluster of low SSA and high MCE that was seen in the oven 

dried wood PaRTED plot was also identified in the wet wood’s PaRTED plot.  The wet wood 

also tended to emit some light scattering particles, but there was not a high enough density of 

points in one location on the PaRTED plot to consider it a cluster.  A noticeable effect of the 

moisture content was the range of MCE values were higher as they did not drop below 0.9 

for all of the measurements.  Additionally, there was a wider range of SSA values for the wet 

wood scenario. 

 

Figure 33: PaRTED analysis for the oven dried (A) and wet (B) wood used during Chulika 

WBTs in the lab. 
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3.4.3 Emission Factors 

Emission factors for the oven dried and wet wood WBTs are shown in Figure 30.  

The fuel moisture content did not substantially influence the emission factors for PM and 

CO.  Both the PM and CO emission factors for the wet and oven dried wood were similar, 

with respect to the mean values and 95th confidence interval.  As for the EC emission factor 

and the EC/TC ratio, the emission factors both decreased for the wet wood scenario, unlike 

the dry wood, which increased when compared to the field tests using a traditional cookstove.   

The lowered EC emission factor is most likely influenced by the fuel moisture and the slow 

ignition and flame building, which could explain for the wider 95th confidence intervals.  The 

extended period of time to start the fire reduced the amount of time typically spent during 

high flaming tests in the cold and hot start phases.  Moisture within the fuel can reduce the 

combustion temperature, thus making the production of black carbon slightly less favorable.  

With the reduction of the EC, the EC/TC ratio was also reduced compared to the oven dried 

wood tests and similarly had a larger spread for the 95th confidence interval.  Table 9 displays 

the emission factors for both the oven dried and wet fuel source scenarios. 
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Figure 34:  Emission factors of CO and PM for comparison of effects of fuel moisture 

content from laboratory Chulika WBTs.  The color coded markers and lines for the lab 

testing scenarios represent each individual test and the 95th percentile for the test.  The 

orange symbols and bars represent the mean and 95th percentiles for previous studies using 

similar cookstoves. (Grieshop et al. 2011; Jetter et al. 2012; Roden et al. 2006, 2009; Smith 

et al. 2000). 
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Figure 35:  Emission factors of EC and EC/TC for comparison of effects of fuel moisture 

content from laboratory Chulika WBTs.  The color coded markers and lines for the lab 

testing scenarios represent each individual test and the 95th percentile for the test.  The 

orange symbols and bars represent the mean and 95th percentiles for previous studies using 

similar cookstoves. (Grieshop et al. 2011 p. 2011; Roden et al. 2006, 2009; Saud et al. 

2012). 
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Table 9: Emission Factors for Field vs WBT with Different Fuel Moisture 

Scenario E.F. Mean S.D. 95% C.I. Absolute Change1 Relative Change2 

Field 

Chulika 

PM 5.28 1.48 (4.42, 6.14) -- -- 

CO 67.9 11.98 (61.0, 74.9) -- -- 

EC 1.29 0.42 (1.05, 1.54) -- -- 

EC/TC 0.51 0.18 (0.41, 0.61) -- -- 

WBT 

Chulika 

Dry 

PM 2.25 0.44 (1.79, 2.71) -2.95* -45.0% 

CO 29.6 5.99 (23.4, 35.9) -23.10* -27.6% 

EC 1.02 0.21 (0.80, 1.24) 0.11 14.9% 

EC/TC 0.67 0.83 (0.58, 0.76) 0.13 57.8% 

WBT 

Chulika 

Wet 

PM 2.32 0.24 (1.73, 2.90) -2.96* -56.1% 

CO 30.9 3.60 (21.9, 39.9) -37.00* -54.5% 

EC 0.54 0.22 (0, 1.08) -0.75* -58.3% 

EC/TC 0.46 0.14 (0.12, 0.80) -0.05 -9.8% 

1. Absolute change is the mathematical difference between the mean value of the field scenario and 

the laboratory scenario using similar types of cookstoves. 

2. The relative change is the percent change in the mean value of the laboratory test compared to the 

field test. 

* = statistically significant difference, 95% confidence level 

 

Moisture content did not substantially influence the cooking activity and emissions.  The 

fuel moisture content mostly affected the ignition and start up of the phases during the 

WBTs.  The moisture within the wood prevented rapid transition from ignition to high 

flaming seen while using drier wood.  Overall, we suspect that the cooking activity plays a 

larger role in the emissions than the fuel moisture content does. 

3.5 New Testing Protocol 

 The comparison between field and lab testing supported the hypothesis that lab tests 

are not representative of field testing and underestimate emission factors.  In current lab 

testing protocols, low powered cooking and smoldering events observed in the field are 
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absent.   In an attempt to create a lab testing protocol that is representative of field tests, the 

cooking activity observed in the field will attempt to be recreated by replicating the patterns 

seen in the normalized carbon concentration histograms.  It is hypothesized that by imitating 

the fuel consumption proxy frequency distribution, the different frequencies of time spent in 

high and low powered cooking will potentially reproduce similar emission factors and optical 

properties of the particulate matter. 

The NTP attempts to recreate the fuel consumption histogram from the field data in 

real-time.  Any type of data acquisition system can be used to create the histograms in real-

time.  For this study, a sequence within DaqFactory was created to construct the fuel 

consumption proxy histogram in real-time by binning the ratio of instantaneous 

measurements of carbon concentrations to the maximum observed carbon concentration from 

the current test.  During the construction of the histogram in real-time, an outline of the field 

histogram can be in the background of the plot for guidance. The outlined frequency 

distribution guides the operator while building the new histogram.  This allows the operator 

the freedom to fill in different portions of the histogram if and when it is necessary.  An 

example of this can be seen in Figure 36.     A generalized procedure was documented so the 

methods used to build the histograms can be easily repeated and replicated by others with 

different cookstove types, fuels, and cooking activity.   The procedure was created by 

repeated tests and experience of cooking conditions from conducting the WBTs.   

The basis for the NTP was to use the boiling point of water and flame visibility as 

identifiers for the transitioning of different cooking activity.  Flame visibility is defined by 
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the NTP as a visible flame emitted from the combustion of biomass.  Embers produced from 

the burning biomass can potentially yield flames, but the distinction between flaming and 

glowing embers is subjective to the cookstove operator.  Discerning flaming and glowing 

embers does not significantly affect the NTP since it was observed that embers tended to 

flame only for short periods of time before dying.  Table 10 gives a general approach for 

building the histogram.   

The first stage of the NTP is to heat the water to boiling using high flaming, which 

relates to field cooking events where food or water is rapidly heated.  The highest carbon 

concentration should be captured during this heating phase to set the maximum total carbon 

concentration value for the fuel consumption proxy histogram calculation.  Setting the 

maximum value in the first phase prevents the normalized carbon concentration histogram 

from shifting during later phases if the maximum value is exceeded.  The high cooking 

power phase promotes the generation of black carbon and other light absorbing particles.  

Once boiling is reached, the high heating phase transitions to the first smoldering phase. The 

smoldering phase represents the cooking activity where the food is fully cooked but is kept 

warm while other food is prepared.  By the end of this phase, the frequency distribution 

should include more than half of the high powered cooking events and nearly to half of the 

low powered cooking events.  
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The next phase represents a brief medium powered cooking phase corresponding to 

food that requires minimal heating.  Re-igniting the embers from smoldering may require 

kindling and blowing on the fire to burn the 1 piece of fuel.  The medium powered cooking 

phase lasts until the fuel is consumed and the fire returns to a smoldering state with no visible 

flames.  This phase aims to contribute to the intermediate fuel consumption events. 

The final stage of the NTP requires the water to be reheated to boiling by re-igniting 

the fire to high flaming.  Once the boiling point is reached, the cookstove operator has the 

opportunity to fill in any missing portions of the histogram not captured by the methodology, 

based the operator’s discretion.  Variability within the tests can cause slightly different 

Table 10: General Methodology for Recreating Field Cooking Activity in the NTP 

 Event Reasoning for Event 

Ignite and use high powered 

cooking to bring water to boil 

-Similar start to WBTs 

-Accounts for large portion of high powered cooking 

-Sets maximum carbon concentration for rest of test 

-Emission of dark, absorbing particles 

Once boiling is reached, consume 

all biomass in cookstove until 

smoldering 

-Accounts for intermediate cooking power 

-Natural transition from high to low powered cooking 

Stay at smoldering for a minimum 

of 10 minutes 

-Accounts for smoldering events 

-Emission of light scattering particles 

Reheat water to boiling using 

high power 
-Fills in remaining high powered cooking in histogram 

Operator adjusts high and low 

cooking events, as necessary 
-Fill in any missing portions of the histogram 
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patterns to arise while building the histograms, which is why the operator has the discretion 

to add additional cooking activity to better shape NTP histogram.  The end of the test should 

conclude by consuming the remaining fuel in the cookstove until the flame dies naturally. 

 
Figure 36: The fuel consumption proxy histograms for the field and lab tests.  The field 

histogram shows that lab tests overestimate high powered cooking and underestimate low 

powered cooking.  Table 6 provides a suggested procedure to recreate the field histogram 

in real-time. 

 

This approach discussed above was used to build the histograms in real-time for the 

NTP using the Chulika and 3SF in the lab.  Figure 36 displays fuel consumption proxy 

histograms using the Chulika for both field and lab testing during this study.  The red 

histogram is from the lab tests and the black outlined histogram is from field testing.  The 

figure suggests that in order to recreate field cooking activity, a fraction of the high powered 

cooking should be shifted to low powered cooking.  By using the field normalized carbon 

concentration histogram as a reference, the cookstove operator should be able to control the 
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different cooking activities to recreate the histogram in real-time using the approach outlined 

above.  To recreate the field histogram, the NTP included phases of both high and low 

powered cooking.  A similar setup to the WBT protocol was used to measure water 

temperature, fuel moisture, fuel weight, and emission measurement to allow for similar 

measurements of emission factors and cookstove thermal efficiency.   

3.6 Field vs NTP 

 Results from the NTP were compared to the field data to interpret how representative 

of cooking activity from in-home use of cookstoves.  The Chulika and 3SF were the first 

cookstoves tested using the NTP.  Differences between the fueling properties, optical 

properties, and emission factors for the field and NTP are examined in this section.  During 

testing and prior to complete analysis, the NTP for the 3SF used the fuel consumption proxy 

histogram from the field using a Chulika instead of a traditional cookstove to build the 

histogram in real-time.  

3.6.1 Fueling Properties 

 Figure 37 npresents the fuel consumption proxy histograms for the field and NTP 

using the Chulika and 3SF.  While conducting tests using the NTP, there were a few 

difficulties in recreating the field frequency distributions.  In the NTP, the cookstove operator 

struggled to create smoldering events with carbon concentrations low enough to be placed 

into the lowest bin.  The failed attempts at increasing the frequency of carbon concentrations 

in the lowest bin caused an increased frequency in the neighboring bins.  Therefore, this  
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 slightly distorted the frequency distributions to more low powered cooking.   The cookstove 

operator also had difficulties filling in the intermediate bins in the histogram, even when 

repeating the medium powered cooking stage once or twice.  The operator was able to easily 

capture the high powered cooking events because creation of high carbon concentrations 

required the addition of more fuel; whereas low powered cooking events were difficult to  

capture because of the difficulty to quickly stop burning biomass. Overall, the trends of the 

normalized carbon concentration histograms for the NTP relatively match the field 

histograms.  Unlike the WBT, the NTP was able to better accommodate for both high and 

low powered cooking events.  

 

Figure 37:  Normalized carbon concentration histograms for all the field and NTP tests 

using the Chulika and 3SF. (A) field—traditional (B) field-Chulika (C) lab—3SF (D) 

lab—Chulika. 

A B 

C D 
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 The normalized carbon concentration and time rate of change of carbon concentration 

cumulative distribution functions are in Figure 38 for the field and NTP.  Examining the 

normalized carbon concentration CDFs, the statistical analyses show that there is still a slight 

difference between the NTPs and the field data.  For the comparison of the field and NTP  

 

using the 3SF, the Dm,n,α = 0.0853 and the Dm,n = 0.1255, meaning that the null hypothesis  

was rejected and they are not similar.  The comparison for the Chulika was similar in that the 

null hypothesis was rejected because the and Dm,n (0.1041) was greater than the Dm,n,α 

(0.0738).  The goal of the NTP was to recreate the normalized carbon concentration 

distributions from the field testing.  During limited preliminary testing, it was not possible to 

recreate the histogram from extensive field measurements to within the 95% confidence 

level.  However, there is certainly less difference than between the field and WBT data.  It 

Table 11: K-S Test Results for Comparing Histograms 

Comparison 
Normalized Carbon Concentration 

Time Rate of Change of Carbon 

Concentration 

Dm,n,α Dm,n K-S Result Dm,n,α Dm,n K-S Result 

Field-

Traditional and 

WBT-3SF 

0.0762 0.2274 Different 0.0762 0.1508 Different 

Field-Chulika 

and WBT-

Chulika 

0.0642 0.2418 Different 0.0642 0.1101 Different 

WBT-3SF and 

WBT-Chulika 
0.0923 0.1997 Different 0.0923 0.1157 Different 

Field-

Traditional and 

NTP-3SF 

0.0853 0.1255 Different 0.0853 0.1282 Different 

Field-Chulika 

and NTP-

Chulika 

0.0738 0.1041 Different 0.0738 0.1427 Different 
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should be noted that there were only 3 to 4 tests using the NTP.  Therefore, increasing the 

number of tests conducted could help to create a more representative distribution that could 

better match the field data.   

 

 
 

Figure 38:  (A) Normalized carbon concentration and (B) time rate of chance of carbon 

concentration CDFs for the field and NTP. 
 

A 

B 
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 The time rate of change of carbon concentration histograms are displayed in Figure 

39.  The time rates of change of carbon concentrations from the NTP do not completely 

represent the histograms from the field data.  The NTPs have a smaller frequency of large 

transitions from high to low power and low to high power. This can be seen by the smaller 

tails in plots C and D.  This result was expected because the carbon concentrations measured 

in the field are more variable during cooking events and the NTP only transitions from high  

to low powered cooking twice; whereas the field data is dependent on the food and the 

appropriate method of cooking.  Therefore, with limited variability and extreme changes in 

the carbon concentration emission profiles, the NTPs tend to be centered near or slightly 

Figure 39: Fuel feeding proxy histograms from all the field and NTP tests for the 3SF and 

the Chulika. (A) field—traditional (B) field-Chulika (C) lab—3SF (D) lab—Chulika. 

A B 

C D 
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below zero with relatively smaller tails.  Inspecting the time rate of change of carbon 

concentration CDFs, all of the comparisons were significantly different for the field and NTP 

tests for both the traditional and Chulika cookstoves. The difference in the time rate of 

change of carbon concentration CDFs suggests that the fuel feeding of the cookstove is 

different during real life cooking versus the replicated cooking activity in the lab using the 

NTP.  A few changes to the NTP could help account for the difference in these histograms.  

First, more transitions from high to low power are needed, which can be done by adding a 

log and letting it die down to no flaming multiple times.  This event would also have to be 

accounted for in the fuel feeding histogram, so the time spent in high flaming and smoldering 

events would have to more than likely be extended.   

 

3.6.2 PaRTED analysis 

The PaRTED plots for the field and NTPs using the 3SF and Chulika are found in 

Figure 40.  Laboratory tests using the NTP with the 3SF showed a slight improvement 

compared to the WBT in representing patterns found in the field PaRTED plots.  Compared 

to the WBT, a shift in the frequency of higher SSA values was observed for the NTP.  This 

infers that more time was spent in a smoldering phase.  The PaRTED plot for the NTP using 

a Chulika displays a similar trend of a slight shift towards the higher SSA values.  A larger 

frequency of light scattering particles can be seen in the plot for the NTP compared to the 

WBT.  For the Chulika, the cluster of high MCE and low SSA values still remained.  The 

NTP did a better job than the WBT in creating similar particles as the field measurements.  
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Although the NTPs’ plots do not match the field plots exactly, progress was shown towards 

the ability to affect the particle composition based on cooking activity.    

 

Figure 40: PaRTED plots for the field and NTP for the 3SF and Chulika. (A) Field—

Traditional (B) Field—Improved (C) 3SF—WBT (D) Chulika—WBT  (E) 3SF—NTP (F) 

Chulika—NTP  

A B 

C D 

E F 
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3.6.3 Emission Factors 

 Emission factors for the NTP were in better agreement with the field emission factors 

than the WBTs in most cases.  While the emission factors for PM and CO were still 

statistically different than the field tests, the NTP produced emission factors that ranged from 

10 to 12% closer to the field results than the WBTs.   Figure 41 displays the emission factors 

for CO and PM and Figure 42 displays the EC emission factor and EC/TC ratio for all testing 

scenarios.  Additionally, Table 12 shows the mean, standard deviation, 95th confidence 

intervals, and the relative and absolute changes for all of the testing scenarios.  The mean CO 

and PM emission factors for both the 3SF and Chulika were approximately 2.26 g/kg fuel 

(34.5%) and 12.4 g/kg fuel (14.8%) and 2.52 g/kg fuel (47.7%) and 24.7 g/kg fuel (36.4%) 

lower than the field tests, respectively.  Although those emission factors were lower than the 

field tests, the mean emission factors for CO and PM were closer to the field values than the 

WBTs.   The Chulika and 3SF produced relatively similar results for the EC emission factor 

and the EC/TC ratio.  The 3SF saw a 0.10 g/kg fuel (13.7%) reduction in the mean EC 

emission factor and a 0.05 (20.9%) increase in the EC/TC ratio. For the Chulika, the EC 

decreased by 0.21 g/kg fuel (16.7%) and the EC/TC ratio increased by 0.16 (30.8%).  

Overall, most of the emission factors from the NTP began to approach values similar to those 

observed in the field, but still fell slightly short. 

 The first tests using the NTP provided useful information on how the cooking activity 

affects the particulate optical properties and emission factors using different cookstoves.  The 

trends seen during the analysis were that the NTP did a better job at representing cooking 
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activity and emissions observed in the field than the WBTs did.  For example, the emission 

factors for the NTP tended to fall in between the emission factors from the lab and WBTs.  

Additionally, the patterns in the PaRTED analysis showed that the NTP produced a higher 

frequency of scattering particles than the WBTs, but were unable to match the field results.  

Although the NTP is not representative of field measurements, positive steps were made 

towards making lab testing more representative. 
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Figure 41: Emission Factors for all testing scenarios for CO and PM in units of g/kg of 

fuel.  The color coded markers and lines for the lab testing scenarios represent each 

individual test and the 95th percentile for the test.  The orange symbols and bars represent 

the mean and 95th percentiles for previous studies using similar cookstoves.   (Grieshop et 

al. 2011 p. 2011; Jetter et al. 2012; Roden et al. 2006, 2009; Smith et al. 2000) 
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Figure 42: Emission Factors for all testing scenarios for EC and EC/TC in units of g/kg of 

fuel.  The color coded markers and lines for the lab testing scenarios represent each 

individual test and the 95th percentile for the test.  The orange symbols and bars represent 

the mean and 95th percentiles for previous studies using similar cookstoves.   (Grieshop et 

al. 2011 p. 2011; Roden et al. 2006, 2009; Saud et al. 2012) 
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Table 12: Emission Factors for Field versus WBT and NTP 

Scenario E.F. Mean S.D. 95% C.I. 
Absolute 

Change1 

Relative 

Change2 

Field 

Traditional 

PM 6.55 2.14 (5.73, 7.36) -- -- 

CO 83.8 17.33 (77.1, 90.5) -- -- 

EC 0.76 0.49 (0.57, 0.95) -- -- 

EC/TC 0.23 0.15 (0.17, 0.29) -- -- 

Field 

Chulika 

PM 5.28 1.48 (4.42, 6.14) -- -- 

CO 67.9 11.98 (61.0, 74.9) -- -- 

EC 1.29 0.42 (1.05, 1.54) -- -- 

EC/TC 0.51 0.18 (0.41, 0.61) -- -- 

WBT 

3SF 

PM 3.6 0.14 (3.25, 3.95) -2.95* -45.0% 

CO 60.7 1.50 (57.0, 64.4) -23.10* -27.6% 

EC 0.873 0.10 (0.63, 1.12) 0.11 14.9% 

EC/TC 0.363 0.04 (0.27, 0.45) 0.13* 57.8% 

WBT 

Chulika 

PM 2.25 0.44 (1.79, 2.71) -3.03* -57.4% 

CO 29.6 5.99 (23.4, 35.9) -38.3* -56.4% 

EC 1.02 0.21 (0.80, 1.24) -0.27 -20.9% 

EC/TC 0.67 0.83 (0.58, 0.76) 0.16 31.4% 

NTP 

3SF 

PM 4.29 0.46 (4.42, 6.14) -2.26* -34.5% 

CO 71.4 6.25 (61.0, 74.9) -12.4* -14.8% 

EC 0.656 0.016 (1.05, 1.54) -0.10 -13.7% 

EC/TC 0.278 0.019 (0.41, 0.61) 0.05 20.9% 

NTP 

Chulika 

PM 2.76 0.72 (1.16, 3.91) -2.52* -47.7% 

CO 43.2 4.22 (36.5, 49.9) -24.7* -36.4% 

EC 1.074 0.155 (0.83, 1.32) -0.22 -16.7% 

EC/TC 0.667 0.034 (0.61, 0.72) 0.16* 30.8% 

1. Absolute change is the mathematical difference between the mean value of the field 

scenario and the laboratory scenario using similar types of cookstoves. 

2. The relative change is the percent change in the mean value of the laboratory test 

compared to the field test using similar types of cookstoves. 

* = statistically significant difference, 95% confidence level 
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CHAPTER 4: CONCLUSION AND FUTURE WORK 

This study supports the hypothesis that lab tests underestimate emission factors 

compared to field testing.  Qualitative analysis showed lab testing underestimated emission 

factors for PM and CO and overestimates of EC and EC/TC ratio compared to the field.  The 

PaRTED analysis provided evidence that the particulate optical properties of emissions from 

lab and field tests were different.  Evaluation of the cooking activities via the fueling proxies 

showed differences between the field and lab.  The field tended to produce a variety of 

cooking activity, ranging from high to low.  The lab tests tended to only account for the low 

power cooking.  Fuel moisture content showed minimal effects on emission factors and 

particulate optical properties during lab tests.  Therefore, it is inferred that the cooking 

activity does influence the emission factors and optical properties of aerosols. 

The new testing protocol was created based on the hypothesis that cooking activity 

and fuel moisture influence emission rates and properties.  The data collected using the NTP 

was consistent with this hypothesis but are not conclusive.  Cooking activity based on the 

normalized carbon concentration histograms from field tests were created in real-time in the 

lab setting.  The imitation of the field cooking activity during the NTP showed improved 

agreement with the measurements collected in rural India.  The EC emission factors were 

relatively similar for the field, WBT, and NTP.  Also, the NTP produced EC/TC ratios that 

improved on the WBTs and were closer to the values from the field measurements.  

However, the PM and CO emission factors were still slightly underestimated for the NTP.  

Slight shifts in the PaRTED analyses were also seen for the NTP, but they were not 

substantial changes when compared to the WBT.  As discussed throughout the study, 
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variability influences all emission measurements made.  Because of the limited number of 

tests conducted with the NTP, more tests should be completed to be able to make more solid 

conclusions about the results from the NTP. 

This study included a qualitative and quantitative analysis of cookstove performance 

in the field and lab.  Patterns and trends were the main basis for comparing each of the 

testing scenarios.  Time limited the amount of tests that were performed during the study.  

Thus, this study would also benefit from conducting more laboratory tests to be able to apply 

statistical analysis and to better quantify the sources of variability and the uncertainty in 

measurements. 

All of the data collected from the laboratory tests have not be fully analyzed yet.  The 

data that was collected can be used to estimate the instantaneous emission rates of the 

pollutants throughout the whole test.  This data could be compared to the emission rates from 

a study conducted by Johnson et al. (2010) and potentially be used to improve lab testing and 

make it more representative of field testing.  Stove efficiency is another parameter that could 

be calculated from the data collected during this study and be used to compare across 

previous studies and other cookstoves.  This could be important in future work because 

thermal efficiency is used as a basis for carbon credit programs that help to finance stove 

interventions (GACC 2012). 

In future studies, other sources of variability could be explored to investigate the 

influence on emissions from cookstoves.  The wood used in this study was red oak.  Other 

fuel sources ranging from different type of wood to different types of biomass could produce 

different emission profiles.  Cookstoves other than the 3SF and Chulika could be tested as 
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previous studies have shown that the type of cookstove also influences the emission rates and 

properties (Jetter et al. 2012).  Ultimately, being able to test and understand how different 

variables affect the emission rates and properties from cookstoves will help to make a new 

testing protocol that is more representative of field testing 

The goal of creating the new testing protocol was to reduce the disparity between 

field and lab emission measurements.  While current lab testing protocols are valuable for 

comparing different cookstoves, they are not representative of field testing.  Lab tests tend to 

control sources of variability that are often found in field measurements, resulting in an 

underestimation of the emission factors.  By introducing sources of variability into the lab 

testing protocols, such as cooking activity and fuel moisture content, it can make lab testing 

more representative of field testing.  Ultimately, creating lab testing protocols that are more 

representative of field testing will provide valuable insight for designing new and improved 

cookstove technologies that can reduce the health and climate effects of emissions from 

biomass burning cookstoves. 
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APPENDIX A 

PAX Absorption Coefficient vs PSAP Red Laser AAE Applied Absorption Coefficient 

 

 

This plot displays the minute averages for the PAX absorption coefficient (1/Mm) versus the 

PSAP AAE Applied Absorption coefficient (1/Mm).  The data was taken from the WBTs 

using the Chulika cookstove. The slope provides information about how the instrument is 

responding to similar samples.  For example, the PSAP signal with the AAE Applied tends to 

output a higher signal compared to the PAX. 
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Red Laser Photometer Calibration using PAX 

 

This plot displays the scattering coefficient of the PAX (in 1/Mm) versus the logger units for 

the PM laser in the STEMS-1G.  This plot was used to convert the logger units into the 

scattering coefficient in order to get an approximation of the light scattering of particles 

within the STEMS-1G.  The data comes from 1 minute measurements during the WBTs 

using the Chulika cookstove. 
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APPENDIX B 

Carbon Balance Analysis 

Field—Chulika (KSCOP-47-099) 

 

Area under curve 

 CO = 10162 ppm 

 CO2  = 187293 ppm 

Convert CO/CO2 to Carbon equivalent using Gas Law (mass = [PV/RT] * MWcarbon) 

 CO = [(101*10^3)*(10162*10^-6)*12]/(8.314)*(307.95) = 4.81 g C 

 CO2 = [(101*10^3)*(187293*10^-6)*12]/(8.314)*(307.95) = 88.7 g C 

Convert PM to Carbon equivalent 

PM Conc = 4974.7 ug/m3 

Total Flow through filter = 466.4 L = 0.4664 m3 

% Carbon of PM = 0.6 (Smith et al. 1993) 

Total Mass of PM = PM Conc * Total Flow = 4974.7 * .4664 * 0.60 = 1392 ug C 
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Other carbon compounds in emissions: 

TNMOC = 0.019 of CO2 (Smith et al. 1993) 

Mass of TNMOC = 18g/mol 

TNMOC = 88.7 g * 0.019 * (12g/mol C) / (18 g/mol TNMOC) = 1.12 g C 

CH4 = 0.015 (Smith et al. 1993) 

Mass of CH4 = 16 g/mol 

CH4 = 88.7 * 0.015 * (12g/mol C) / (16 g/mol C) = 1.00 g C 

CO/CO2 percent composition: 

(88.7g + 4.81g) / (88.7g + 4.81g + 1.00g + 1.12g + 0.0014 g) * 100 = 97.8% 

 

Lab—Chulika—WBT (WBT-PT-018) 

 

Area under curve 

 CO = 1924 ppm 

 CO2  = 115420 ppm 
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Convert CO/CO2 to Carbon equivalent using Gas Law (mass = [PV/RT] * MWcarbon) 

 CO = [(101*10^3)*(1924*10^-6)*12]/(8.314)*(300.45) = 0.924 g C 

 CO2 = [(101*10^3)*(115420*10^-6)*12]/(8.314)*(300.45) = 56.0 g C 

Convert PM to Carbon equivalent 

PM Conc = 2715 ug/m3 

Total Flow through filter = 264.4 L = 0.2644 m3 

% Carbon of PM = 0.6 (Smith et al. 1993) 

Total Mass of PM = PM Conc * Total Flow = 2715 * .2644 * 0.60 = 430 ug C 

Other carbon compounds in emissions: 

TNMOC = 0.019 of CO2 (Smith et al. 1993) 

Mass of TNMOC = 18g/mol 

TNMOC = 56.0 g * 0.019 * (12g/mol C) / (18 g/mol TNMOC) = 0.709 g C 

CH4 = 0.015 (Smith et al. 1993) 

Mass of CH4 = 16 g/mol 

CH4 = 56.0 * 0.015 * (12g/mol C) / (16 g/mol C) = 0.63 g C 

CO/CO2 percent composition: 

(56.0g + 0.924g) / (56.0g + 0.924g + 0.709g + 0.63g + 0.00043 g) * 100 = 97.7% 
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Lab—Chulika—NTP (WBT-PT-023) 

 

Area under curve 

 CO = 5065 ppm 

 CO2  = 120823 ppm 

Convert CO/CO2 to Carbon equivalent using Gas Law (mass = [PV/RT] * MWcarbon) 

 CO = [(101*10^3)*(5065*10^-6)*12]/(8.314)*(301.05) = 2.45 g C 

 CO2 = [(101*10^3)*(120823*10^-6)*12]/(8.314)*(301.05) = 58.5 g C 

Convert PM to Carbon equivalent 

PM Conc = 2597.6 ug/m3 

Total Flow through filter = 335.8 L = 0.3358 m3 

% Carbon of PM = 0.6 (Smith et al. 1993) 

Total Mass of PM = PM Conc * Total Flow = 2597.6 * .3358 * 0.60 = 523 ug C 

Other carbon compounds in emissions: 

TNMOC = 0.019 of CO2 (Smith et al. 1993) 
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Mass of TNMOC = 18g/mol 

TNMOC = 58.5 g * 0.019 * (12g/mol C) / (18 g/mol TNMOC) = 0.74 g C 

CH4 = 0.015 (Smith et al. 1993) 

Mass of CH4 = 16 g/mol 

CH4 = 58.5 * 0.015 * (12g/mol C) / (16 g/mol C) = 0.66 g C 

CO/CO2 percent composition: 

(58.5g + 2.45g) / (58.5g + 2.45g + 0.66g + 0.74g + 0.000523 g) * 100 = 97.8% 
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APPENDIX C 

Table C-1: Emission Factor Statistics for Field--Traditional  

Statistics Mean S.D. Variance Skewness Kurtosis 
Low 

CI 
High CI n 

PM EF 6.55 2.14 0.158 0.377 -0.585 5.73 7.36 29 

CO EF 83.8 17.33 10.758 0.786 0.094 77.1 90.5 29 

EC EF 0.76 0.489 0.009 1.656 1.719 0.57 0.95 29 

EC/TC 0.23 0.15 0.001 1.393 1.18 0.17 0.29 29 

         

         

Table C-2: Emission Factor Statistics for Field--Chulika 

Statistics Mean S.D. Variance Skewness Kurtosis 
Low 

CI 
High CI n 

PM EF 5.28 1.48 0.160 -0.202 -0.917 4.42 6.14 14 

CO EF 67.9 11.98 10.240 -0.259 -1.152 61 74.9 14 

EC EF 1.29 0.416 0.012 0.141 -1.677 1.05 1.54 14 

EC/TC 0.51 0.176 0.002 0.098 -1.298 0.406 0.609 14 

 

Table C-3: Emission Factor Statistics for WBT--Chulika--Dry 

Statistics Mean S.D. Variance Skewness Kurtosis Low CI High CI n 

PM EF 2.25 0.44 0.03 -0.637 -1.056 1.79 2.71 6 

CO EF 29.6 5.99 6.00 -0.516 -1.12 23.4 35.9 6 

EC EF 1.02 0.21 0.01 0.238 -1.971 0.8 1.24 6 

EC/TC 0.67 0.826 0.11 -0.415 -1.475 0.58 0.76 6 

 

Table C-4: Emission Factor Statistics for WBT--Chulika--Wet 

Statistics Mean S.D. Variance Skewness Kurtosis Low CI High CI n 

PM EF 2.32 0.24 0.020 -0.035 -2.333 1.73 2.9 3 

CO EF 30.9 3.6 4.326 -0.055 -2.333 21.9 39.9 3 

EC EF 0.538 0.218 0.016 0.38 -2.333 0 1.08 3 

EC/TC 0.46 0.137 0.006 0.359 -2.333 0.12 0.8 3 
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Table C-5: Emission Factor Statistics for WBT--3SF 

Statistics Mean S.D. Variance Skewness Kurtosis Low CI High CI n 

PM EF 3.6 0.14 0.0064 0.383 -2.33 3.25 3.95 3 

CO EF 60.7 1.5 0.7569 -0.343 -2.33 56.99 64.4 3 

EC EF 0.873 0.098 0.0031 0.086 -2.33 0.63 1.12 3 

EC/TC 0.363 0.037 0.0004 -0.13 -2.33 0.271 0.454 3 

         

         

Table C-6: Emission Factor Statistics for NTP--Chulika 

Statistics Mean S.D. Variance Skewness Kurtosis Low CI High CI n 

PM EF 2.76 0.72 0.1296 0.611 -1.8 1.61 3.91 4 

CO EF 43.2 4.22 4.4521 -0.084 -2.286 36.5 49.9 4 

EC EF 1.074 0.155 0.0061 0.827 1.321 0.827 1.32 4 

EC/TC 0.667 0.034 0.0003 0.368 -1.924 0.612 0.722 4 

         

         

Table C-7: Emission Factor Statistics for NTP--3SF 

Statistics Mean S.D. Variance Skewness Kurtosis Low CI High CI n 

PM EF 4.29 0.46 0.0676 0.036 -2.33 3.15 5.42 3 

CO EF 71.4 6.25 13.0321 -0.006 -2.33 55.9 87 3 

EC EF 0.656 0.016 0.0001 -0.303 -2.33 0.617 0.694 3 

EC/TC 0.278 0.019 0.0001 0.333 -2.33 0.23 0.33 3 
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APPENDIX D 
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APPENDIX E 

Table E-1: Mass Scattering Cross-Section Statistics  

Testing Scenario Slope 95th C.I. of the Slope Sample Size 

Field-Traditional 2.54 ±0.228 29 

Field-Chulika 1.66 ±0.136 14 

WBT-3SF 1.49 ±0.758 3 

WBT-Chulika-Dry 1.27 ±0.547 6 

WBT-Chulika-Wet 1.88 ±5.54 3 

NTP-3SF 1.18 ±5.42 3 

NTP-Chulika 1.27 ±1.86 4 

 


