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Assessment of Indoor Air Pollution from Solid Fuel Use: A Review

Abstract
Air pollution, like climate change, can affect everyone, but its drawbacks differ from one person to another. Air pollution was the second leading risk factor for death in children under 5 in 2021, after malnutrition. Despite the progress made in recent decades, 47% of the world's population - almost 3.6 billion people - are still exposed to pollution from the domestic use of solid fuels for cooking. To better understand the contribution of solid-fuel cookstoves to indoor air pollution, it is important to take a critical look at indoor air pollution resulting from the combustion of solid fuels in households. This paper examines the causes of the deterioration in indoor air quality and the different methods of studying the emissions of air pollutants associated with the use of solid fuel stoves. Indoor air quality has long received less attention than outdoor air quality, despite the fact that most people spend more time indoors in buildings with higher pollution levels than outdoors. Exposure to air pollutants such as fine particles and carbon monoxide can cause respiratory illness and death. A literature review was carried out to identify the causes of indoor air pollution and the devices and methods most commonly used to characterise emissions of air pollutants. Air pollution databases were searched, and the performance of solid-fuel cooking stoves was studied. Indoor air quality is influenced by a number of pollution sources, including the influence of outdoor air, building characteristics and kitchen equipment. Externally-produced Particulate matter (PM) enters indoor environments through ventilation, while indoor sources include combustion appliances such as furnaces, heaters or cookstoves, as well as tobacco smoke and chimneys. Study methods have been implemented to characterise emissions of indoor air pollutants. Some of these methods are used in field studies, others in controlled laboratory environments. Despite the limitations of some of the studies, the results presented are a major asset in the study and characterisation of pollutants emitted during the use of solid fuel cookstoves.
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Introduction
Air pollution in general, and indoor air pollution in particular, is perceived by many as a consequence of urbanisation and industrialisation, and therefore a phenomenon that only concerns developed countries where studies have been carried out [1]. Like climate change, this air pollution can affect us all, but its drawbacks differ from one person to another [2]. Air pollution was the second leading risk factor for death in children under 5 in 2021, after malnutrition [2].
A close link has been established between traffic-related air pollution and deaths from lung cancer, the onset of asthma in children and adults, and acute lower respiratory tract infections (ARI) in children. At the country level, the highest mortality rates due to ARI were observed in Chad (159 deaths/100,000 people), while in Burkina Faso, there were 108 deaths per 100,000 people [2].
Air pollution in general concerns both outdoor and indoor air. Indoor air pollution differs from outdoor air pollution in terms of source, composition and concentration, so studies on outdoor air pollution cannot be used to infer the effects on indoor air pollution. Of the 6.67 million annual deaths attributable to air pollution, 2.3 million are estimated to arise from direct exposure to household air pollution generated during the combustion of solid fuels, typically for cooking, and largely in low- and middle-income countries. Solid fuels are often burned indoors, but escape into the outdoor environment, thus contributing to ambient air pollution (Pillarisetti et al., 2022). Indoor air quality depends on outdoor and indoor pollution sources, meteorological factors, housing characteristics and behavioural factors.
Most of the health effects of indoor air pollutants are due to emissions of fine particles with aerodynamic diameters less than or equal to 2.5µm (PM2.5) and carbon monoxide (CO). [3]. Indoor air pollutants are classified as one of the major risk factors for global environmental health [4]. Exposure to poor indoor air can also result in sick building syndrome and lower work efficiency in humans. Therefore, indoor air quality monitoring is of high significance for human health protection (Wang et al., 2023; Sarker et al., 2022).
The main sources of indoor air pollution in middle- and low-income countries are the incomplete combustion of wood and charcoal in households using open fires and traditional stoves for cooking, and kerosene for lighting [5], [6], [7].
Most of the world's population (99%) lives in areas where PM 2.5 pollution levels pose a risk to human health, and 34% of the population lives in areas where pollution levels exceed WHO air quality guidelines [2]. PM 2.5 can pass through the nose and throat and penetrate deep into the lungs and circulatory system. In addition, because of their small size and lightweight, PM 2.5 tends to last longer in the air than heavier particles (Mallongi et al., 2023).
Poor air quality is responsible for the deaths of 8.1 million people worldwide, 38% of which are caused by indoor air pollution [2]. 
Despite the progress made in recent decades, 47% of the world's population - almost 3.6 billion people - are still exposed to pollution from the domestic use of solid fuels for cooking. In 18 African countries, including Burundi, Mali, South Sudan, Niger and Uganda, over 95% of the population uses solid fuels for cooking. Over the past decade, Nigeria, Ethiopia and the Democratic Republic of Congo have seen an increase of over 20% in exposure to domestic air pollution, largely due to population growth [2].
Two-thirds of the population exposed to air pollutants live in Southeast Asia and Africa [8].
Although Burkina Faso has a policy of subsidising butane gas for household cooking, a large proportion of the population still relies on solid fuels. In 2022, around 79.3% of households in Burkina Faso used solid fuels as a source of energy for cooking. Of these, 67.7% used wood and 10.8% charcoal [9].
Improved stoves (with high efficiency and relatively low emissions) have been proposed as a potential tool for reducing exposure to indoor air pollution, improving health outcomes and reducing greenhouse gas emissions and deforestation [10].
To better understand the contribution of solid-fuel cookstoves to indoor air pollution, we take a critical look at indoor air pollution resulting from the combustion of solid fuels in households. More specifically, we aim to answer the following questions: (1) What air pollutants can be found in households? (2) What influence do cooking stoves and solid fuels have on indoor air pollution? (3) How can the characteristics of the kitchen influence the level of concentration of pollutants emitted? (4) What equipment and methods are available for studying emissions of indoor air pollutants?

1. Indoor air pollution
1.1. Basics of indoor air quality and pollution
According to the EPA (Environmental Protection Agency) definition, indoor air quality is the quality of the air in and around homes and workplaces, in particular, which can have an impact on the health and comfort of the occupants of these enclosed environments. [11].
Indoor air pollution, on the other hand, refers to the presence of certain pollutants such as particulate matter (PM), volatile organic compounds, inorganic compounds and biological components in enclosed environments, which, due to their high concentration levels, can have negative effects on human health [12].
Unlike outdoor air pollution, which is widely known and studied, indoor air pollution has long been ignored by the general public. Yet people spend most of their time in enclosed environments such as homes and workplaces. The main parameters generally considered to assess indoor air quality are pollutant concentrations and climatic conditions (wind speed, temperature, relative humidity) [13].
Studies have shown that indoor air quality in homes and buildings is strongly influenced by three main factors [14], [15] : outdoor air quality, human activities in buildings, and building materials.
The increased concentration of pollutants in outdoor air and the presence of air movement lead to a transfer of pollutants to the interior of buildings. Consequently, the ventilation rate is an important parameter conditioning the relationship between outdoor air pollution and indoor air quality.
Daily human activities such as cooking, smoking, the use of pesticides and cleaning products all contribute to indoor air pollution [16].

1.2. Indoor air pollutants and their sources
The main indoor air pollutants studied are particulate matter and volatile organic compounds (VOCs). Particulate matter is generally classified according to size, but the most commonly reported value corresponds to the concentration of particles with an average diameter of 2.5 µm or less (PM2.5). Carbon dioxide (CO2), carbon monoxide (CO), nitrogen oxides (NOx) and ozone (O3) are among the most widely studied inorganic compounds. VOCs comprise a large group of organic gaseous pollutants with low boiling points and vapour pressures, which are ubiquitous in indoor environments [17]. This group continues to grow as new materials are used in construction and interior design.
1.2.1. Particulate matter
[bookmark: _Hlk170998879]Particulate matter (PM) is an air pollutant made up of solid and liquid particles suspended in the air. Some particles, such as dust, soot or smoke, are large enough to be visible to the naked eye. [18]. Other small ones can only be seen with an electron microscope. This latter group also includes glass fibres and asbestos (Carazo Fernández et al. 2013 ; Leung 2015). The PM most commonly studied are PM2.5, which are inhalable fine particles with diameters of 2.5 micrometres or less, and PM10, which are also inhalable, but with diameters of 10 micrometers or less. Externally-produced PM enters indoor environments through ventilation, while indoor sources include combustion appliances such as furnaces, heaters or cookstoves, as well as tobacco smoke and chimneys. Reactions between ozone and certain VOCs can also be responsible for the production of PM (e.g. terpenes) [19]. When the fuel used is biomass, indoor air particle concentration levels can be above those of polluted cities. Long-term exposure to particulate matter can cause disorders ranging from respiratory and cardiovascular problems, such as throat, nose, eye and bronchial irritation and asthma to fibrosis, anthracosis and lung cancer [19], [20].
1.2.2. Inorganic compounds
[bookmark: _Hlk173251388]Inorganic air pollutants are airborne chemical substances of non-organic origin that have adverse effects on human health. The most widely studied inorganic compounds are CO and NOx.
Carbon monoxide (CO) is a colourless, odourless and toxic gas produced during incomplete combustion. The main indoor sources of CO emissions are tobacco smoke, faulty cooking and heating appliances, chimneys and vehicle gases from adjoining garages, as well as outdoor air exchanges in dense traffic or industrialised areas [19], [20], [21]. CO enters the human body mainly by inhalation. It is able to bind reversibly to haemoglobin and has a higher affinity than oxygen. The severity of health damage depends on the concentration and duration of exposure, and includes cardiovascular, respiratory and neurological problems. Long-term exposure to high concentrations of CO can lead to death [20], [21]. 
Nitrogen monoxide (NO) and nitrogen dioxide (NO2) are the most common nitrogen oxides (NOx).  NOx are formed during the combustion of nitrogen-containing fuels [22]. Among NOx, the most important in terms of emissions is NO, which is then oxidised to NO2 [23]. The most common sources of NOx indoor air pollution are gas cookstoves and water heaters. Other sources of NOx emissions include environmental tobacco smoke (ETS) and chimneys [19], [20]. Roads and high-intensity industrial zones also contribute to indoor air pollution through infiltration of outdoor air. Inhalation of NO2 can cause a number of respiratory problems. Direct contact with this pollutant can also cause eye irritation [19], [20]. 
1.2.3. Volatile organic compounds
[bookmark: _Hlk173251593]Volatile organic compounds (VOCs) are chemical substances composed of carbon and hydrogen. These compounds are also known as solvents, and are characterised by their ease of volatilisation at room temperature [24]. VOCs are defined by their molecular structure and functional group. VOCs include aliphatic hydrocarbons (many of which are chlorinated-halocarbons), aromatic hydrocarbons, esters, aldehydes, alcohols, ethers and more [24].
Benzene is a volatile organic compound widely used in industry. Indoor sources of benzene include combustion devices, ETS emissions, building materials such as polymer furniture, paint, solvents, carpeting and wooden furniture [19], [23], [25]. 
Present in fuels, resins, paints, adhesives, cosmetics and coatings, toluene is one of the major pollutants of indoor air, and the most common member of the BTEX family (benzene, toluene, ethylbenzene and xylene). Indoor sources include infiltration of outdoor air, tobacco smoke, combustion devices and a variety of household products [19], [21], [26], [27].
Ethylbenzene, derived from benzene, is a colourless aromatic liquid at room temperature. Plastics, paints, adhesives and other products in which ethylbenzene is used as a solvent during manufacture are sources of pollution. Combustion processes also generate ethylbenzene emissions [20], [25], [26], [27]. 
Xylene is an aromatic organic compound that exists in three main isomers: ortho-xylene, meta-xylene and para-xylene. Paints, adhesives, colourants, polymers, cleaning chemicals and pharmaceuticals are all domestic sources of xylenes [20], [21], [25], [26], [27]. 
Naphthalene is a polycyclic aromatic hydrocarbon in the form of a white crystalline solid, widely used as a raw material in the chemical industry. Indoor sources of naphthalene include tobacco smoke, faulty combustion equipment, herbicides, plastic materials and insecticides (which most often infect clothing), as well as ambient air [21]. 
Formaldehyde (HCHO) is a colourless, highly reactive gas produced by the incomplete combustion of hydrocarbons. Oxidation of certain VOCs with ozone or radiation can also cause formaldehyde emissions [21], [25]. 
Trichloroethylene (TCE) is a liquid, colourless, volatile organic chemical synthesised from a chemical process that does not occur naturally [28]. 
Indoor sources include products where TCE is used as a solvent, such as lubricants, varnishes, paint strippers, adhesives and printer correction fluids. Some bleach-based household products and other cleaning agents may also contain TCE. Contaminated water and soil can contain TCE, indirectly contributing to higher levels of indoor air pollution [26], [27]. 
Alpha-pinene is one of the liquid terpenes naturally present in plants and is a common constituent of essential oils. Of all monoterpenes, alpha-pinene is the most frequently emitted, and is also the compound for which particular attention has been paid [29]. This substance is used as a solvent in various paints and sealants, and is found in perfumery products, air fresheners and cleaning products. Wooden materials such as furniture and flooring, particularly those made from pine, can also be sources of pinene emissions [21], [25]. 
Limonene is a VOC belonging to the terpene family. It exists as two isomers (d- and l-). It is used in a multitude of household products such as detergents, resins, air fresheners, perfumes and shampoos [17], [21], [25] . Because of its citric odour and flavour, this terpene is also present in foods as an additive. Limonene is mainly absorbed by inhalation and ingestion.
2. [bookmark: _Toc152876775]Method for conducting household air pollution surveys
The study of indoor air quality requires the use of several methods to characterise and analyse the various pollutants emitted during the use of cooking stoves and solid fuels.
This study is based on various techniques and methodological approaches for characterising pollutants emitted into indoor air.
There are two main types of study of indoor air pollution: 
· the field study, which consists of measuring air pollutants inside household cooking areas;
· laboratory studies, which involve using different procedures to characterise and measure pollutant emissions at source.
Each of these two methods has its own specificity, making it possible to study the sources of pollution, household habits contributing to this pollution, the characteristics of the pollutants emitted and the potential health risks. The diversity of these approaches also enables us to better define mitigation measures and standards aimed at improving indoor air quality. However, to implement these methods, it is necessary to use a number of devices to quantify the pollutants emitted.

2.1. Measuring devices for indoor air pollutants
Nowadays, there are several devices for measuring emissions of indoor air pollutants. In the literature, the following devices have been used to measure emissions of indoor air pollutants:
· Partector Pro
The Partector Pro shown in Figure 1 (naneos GmbH, Windisch, Switzerland) is an improved version of the Partector and Partector 2 [30]. It is a nanoparticle detector. 
[image: The world's smallest multimetric nanoparticle detector now available in ...]
Figure 1: Partector Pro
Partector is the only personal real-time monitoring device small enough to be installed and measured directly in a person's breathing zone [31]. All Partector models are small, portable devices that can be operated on battery power. They use unipolar corona scattering generators to treat aerosol particles according to a known, particle-size-dependent charge distribution. The device operates in batch mode, i.e. it switches on and off at short intervals to produce chunks of charged particles. These charged particles enter and exit an induction tube, causing a negative and positive voltage spike, respectively. These peaks are directly proportional to the total charge concentration, which is determined by the peak-to-peak half-value [32]. In the case of particle sizes between approximately 20 and 400 nm [33], the charge concentration and, consequently, the total current generated by charged particles are closely related to the concentration of the particles' pulmonary deposition surface [34], which can be measured with an uncertainty of the order of 30% [35], [36]. Particle deposition surface concentration is therefore the main indicator for measuring Partector models. The main differences between the Partector and other measuring devices are its small size and the principle of charge measurement.
· DustTrak™ DRX Aerosol Monitor 
The DustTrak™ DRX aerosol meter from Thermo System Inc.(TSI), shown in Figure 2, is a widely used portable instrument for measuring concentrations of particulate matter (PM) [37].
[image: DustTrak DRX Aerosol Monitor 8533]
Figure 2:  DustTrak™ DRX Aerosol Monitor
This device uses a laser photometer to measure the scattering of light by particulate matter. It diffuses light whose intensity is proportional to the concentration of pollutants. Particles are differentiated by size and mass concentration using a proprietary algorithm, enabling complete characterisation of pollutants. What all DustTrak models have in common is that they use an optical method to measure pollutants [38].
The first DustTrak model (model 8520) was launched in the early 1990s and has been widely used for particulate matter concentration measurements [39], [40], [41], [42].
Several researchers evaluated the performance of this model's measurement method against standard gravimetric measurement methods and other light-scattering or real-time instruments. The results revealed the model's consistency and excellent signal-to-noise ratio. However, when factory-calibrated, it showed little accuracy compared with the reference method, generally resulting in 2-3 times higher concentrations [41], [43], [44], [45], [46], [47]. This device has been used to measure pollutants in several studies [48], [49], [50] and its performance has already been the subject of several evaluations [37], [51], [52]
· HOBO CO loggers
HOBO data loggers, manufactured by Onset Computer Corporation, are typically used to measure and record environmental parameters such as temperature, humidity, light and other parameters in a variety of contexts.
HOBO CO loggers, shown in Figure 3, are devices used to monitor and measure carbon monoxide (CO) concentrations in a variety of environments.
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Figure 3:  HOBO CO loggers
These devices are designed to monitor CO concentration levels and help assess air quality, particularly in indoor environments where exposure to CO can present health risks. This device uses non-dispersive infrared technology to measure CO concentration levels in the air.
HOBO CO loggers are specifically designed to measure and record carbon monoxide (CO) concentration levels in indoor environments. These continuous data loggers measure CO concentration every second and feature two channels that simultaneously record average concentrations every 30 seconds. Measurement values range from 0.2 to 125 ppm on one channel, with a resolution of 0.5 ppm, and from 0.2 to 500 ppm on the other channel, with a resolution of 2 ppm [53]. This device has been used in several studies [53], [54] to determine CO exposure levels. One of the main advantages of this continuous monitor is that it can be easily calibrated using a standard CO span gas [53].

· Testo DiSCmini (Diffusion Size Classifier Miniature)
The testo DiSCmini is a mobile device designed to evaluate the number of nanoparticles, their concentration, the average particle size and the surface area of nanoparticles likely to be deposited in the lungs, with a time resolution of up to 1 second. 
[image: ]
Figure 4:  Testo DiSCmini

The measurement method is based on the electrical charge of aerosols. The device is small, portable and easy to use, making it ideal for field measurements. The device is equipped with a rechargeable battery that gives it an autonomy of 8 hours. Data is stored on a memory card and transferred to an external computer via a USB cable [55]. 
The electrical charge of the aerosol is the basis of the testo DiSCmini. The corona effect generates positive air ions, which mix into the aerosol. Two-level electrometers then detect the charged particles. The first detector level consists of small wire grids, where the charged particles are generally deposited by diffusion. During this process, the particles release their charge and the current flow is measured. The remaining particles attach themselves to the second stage, the wire stage, and the charge that causes the current to flow is also detected. Calibration of the device relies on the ratio between these two currents to determine the average particle size. Since the charge per particle is related to the particle size, the number of particles/concentration can be determined on the basis of the total current detected (once its size has been identified), combined with the flow rate through the device [55]. Control tests are carried out using antistatic tubes [36], [52], [56]. This instrument has been used in several studies [49], [57] during cooking periods to determine air pollutant concentration levels.

· Indoor Air Pollution Meter 5000 Series (IAP meter; Aprovecho Research Centre, OR, USA)
The Indoor Air Pollution Meter (IAP Meter) from the Aprovecho Research Centre is a portable instrument designed to measure the concentration level of air pollutants inside an enclosed environment.
[image: ]
Figure 5: IAP meter
The IAP meter, in particular the 5000 series, is designed to measure certain pollutants most commonly found inside kitchens or buildings, particularly those emitted during cooking activities using inefficient or traditional methods. These pollutants often include particulate matter (PM) and carbon monoxide (CO), whose high concentration levels can have harmful effects on health. The CO sensor uses an electrochemical cell, while PM is measured using an optical method [58].
This research-grade device is used for field studies and projects aimed at understanding and mitigating indoor air pollution levels.
This instrument has been used in several studies [49], [59], [60], [61], [62] to quantify the level of indoor air pollution caused by the use of cooking stoves and solid fuels.
· Button Aerosol Sampler
SKC button samplers are curved-surface devices with several evenly spaced orifices. 
[image: ]
Figure 6: Button Aerosol Sampler
This particular design improves inhalable dust collection by minimising oversampling of very large particles and limiting sensitivity to wind speed and direction. Button samplers comply with ACGIH/ISO sampling criteria for inhalable particle mass. The button sampler can be used in combination with an AirChek 4 L/min series sampling pump for personal or area sampling of inhalable dusts. It can also be combined with specific filters for sampling bioaerosols for viability or non-viability analysis [63].
Traditional samplers for assessing personal exposure to aerosol hazards are generally expensive, noisy and impractical to wear during an 8-hour work shift. They require frequent flow calibration and are prone to failure in a number of ways [64].
· Ultrasonic Personal Aerosol Sampler (UPAS)
The UPAS is a time-integrated filter sampling device that uses an ultrasonic piezoelectric pump (unlike a traditional diaphragm pump). 
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Figure 7: Ultrasonic Personal Aerosol Sampler
This system works by converting an electrical charge into a reversible mechanical expansion of a ceramic crystal at high frequency (~25 kHz) [65].
The UPAS is equipped with a miniature piezoelectric pump to draw air through the device, a mass flow controller to control sampling rates, and a cyclone designed to collect an integrated PM2.5 sample on a filter housed inside the device.
The UPAS weighs around 0.2 kg, has the dimensions of a large cell phone (9.7 × 5.1 × 2.5 cm) and a relatively low noise level (< 40 dB at 20 cm) [65].
A miniature chamber beneath the crystal expels air through a diffusion nozzle that acts as a passive dynamic valve, virtually blocking any air return [66], [67], [68].
Piezoelectric pumps are less likely to be damaged by dirty or multiphase flow; furthermore, piezoelectric pumps operate without slip interfaces, with high efficiency and low noise levels. The UPAS prototype was designed using off-the-shelf electronic components, which were integrated into a functional circuit based on an open-source Arduino development system. [65].
Because of its weight, size, battery life, relative silence and performance, the UPAS represents a viable option for exposure assessment in environments where households use solid fuels to meet their daily energy needs and, potentially, in many other environments where PM2.5 exposure is a concern [69].
Despite its innovative nature for measuring fine-particle emissions, the UPAS has limitations that can affect the accuracy of measurement data. Indeed, although the battery has a reasonable operating time (25 to 45 hours), this autonomy may not be sufficient for long-term studies with no means of recharging available. Also, the accuracy of measurement data may be affected by environmental conditions such as humidity [65].
· Laboratory emissions monitoring system (LEMS)
The Laboratory Emissions Measurement System (LEMS) is a device used to assess emissions from a variety of sources, in particular cookers. 
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Figure 8: Laboratory emissions monitoring system
It is designed to characterise pollutants harmful to health by collecting, measuring and analysing data [70]. The LEMS is a box containing CO2, CO and PM2.5 sensors, as well as a computer connected to the sensors.
The main features of LEMS are as follows:
· Windows compatible, with features to process data from a boil water test (BWT) or a controlled cooking test (CCT);
· A solid sheet steel hood and variable-speed vacuum cleaner facilitate accurate measurement of household pollutant emissions, such as CO, CO2, PM2.5 and black carbon;
· Real-time measurement of the quantities of pollutants emitted, displayed on the computer screen and recorded using gravimetric filters weighed before and after a test;
· - Complies with International Water Association (IWA) requirements and can measure black carbon using filters [70]
LEMS has been used by researchers studying the performance of cooker hobs around the world for many years. It has played a key role in the characterisation of different types of hearths, design modifications and research activities carried out by researchers. It is also used in laboratories to test improved and traditional cookstoves, with the aim of assessing pollutant emissions and combating exposure-related risks.
2.2. Methods for studying air pollutant emissions
2.2.1. Kitchen Performance Test
The Kitchen Performance Test (KPT) is the main field method for assessing household fuel consumption [71]. 
2.2.1.1. Definition
This method ranges from household sampling to characterisation of households and cooking stoves, to measurements of concentrations or levels of exposure to indoor air pollutants.
Its aim is to determine the quantity of solid fuel used for cooking with real-life cookstoves by households [72]. 
The various studies for which this method is used are as follows:
· Evaluate the differences in cooking fuel consumption between households using traditional cooking stoves and households using improved stoves ;
· Evaluate the medium- to long-term fuel consumption habits of households, following interventions on cookstoves (for example, the study can be carried out periodically on a sample of households using new cookstoves to determine whether changes in fuel consumption habits are maintained over the long term) ;
· Test variations in fuel consumption resulting from climate change, fuel availability or local agro-economic cycles (independently of technological changes) ;
· Determine the existence of differences in fuel consumption between households using similar cooking stoves but different fuel types (e.g. firewood versus crop residues or other solid fuels) :
· - Evaluate variations in fuel consumption caused by changes that are not directly related to the nature of the cookstoves used [71].
For these different study cases, the use of devices for measuring air pollutant emissions makes it possible to simultaneously study cookstove performance and indoor air quality.
There are several stages to consider in a study of household performance and air pollution:
· Household characterisation: This involves determining parameters such as the characteristics of the kitchen, the wood used and the cooking stoves used by the household;
· Household sampling and selection
There are three main methods used: 
(i) The "cross-sectional" method, which involves measuring air pollutant emissions simultaneously in households using improved stoves and traditional stoves, in the same geographical area, after the population has purchased the improved stoves ;
(ii) The "before and after" method consists of measuring pollutant emissions in a household with traditional stoves in the first instance and improved stoves in the second ;
(iii)  The "Before and after with control group" method involves measuring pollutant emissions in households, first using traditional stoves and then using improved stoves in the same households. In this method, a proportion of households do not receive improved stoves, i.e. still have traditional stoves [73].
For each type of method, it is possible to determine the sample size.
- Protocol implementation
The protocol is implemented over three days in each household [71] and assesses the following parameters :
· through a survey form: household characteristics (household composition and size), kitchen characteristics (construction material, size, number of openings, orientation), energy habits (types of stoves and fuels and number of cooking periods) ;
· the type and quantity of fuel used by the household;
· concentrations of pollutants emitted during cooking.
It should be noted that the deployment of measuring devices depends on their portability and autonomy. [49]. This can lead to variations in measurement periods and in the number of days allocated to a household.
2.2.1.2. Advantages and limitations
KPT is an essential method for assessing cookstove performance and air quality in the home.
It offers the following advantages:
· Real-life application: The KPT is carried out in real domestic environments, enabling cookstove performance to be tested under actual cooking conditions. This method gives a better representation of hearth performance in the context of everyday use than laboratory tests;
· - Quantitative and qualitative data: KPT combines quantitative measurements of fuel consumption with qualitative surveys of household satisfaction and acceptability. This mixed approach enables us to better understand both the efficiency of the cookstove and its ability to satisfy users' needs and expectations;
· Influence on fuel consumption: By assessing the amount of fuel consumed before and after the deployment of improved cookstoves, the KPT highlights the impact of these cookstoves on reducing the amount of fuel used by households for cooking activities, which is essential for promoting more economical and less polluting cooking technologies;
· A comprehensive approach: Household surveys provide a better understanding of social, economic and culinary practices, which is essential for understanding the overall impact of cookstove adoption and use in different communities;
· Adaptability: The KPT method lends itself to different contexts and household types, making it a flexible tool for various research and intervention projects aimed at improving cooking habits and reducing household dependence on solid fuels;
· Facilitate the implementation of policies and programs: using the data from these tests, organisations and policy-makers are able to assess the effectiveness of stove interventions and guide future initiatives to enhance household energy efficiency and energy security [71].
Despite its many advantages, the KPT method has limitations that can affect its implementation, reliability and accuracy of results. These limitations include:
· Intrusion into daily household life: The KPT is carried out in households using cooking stoves. This method can cause disruption in the daily activities of the households studied. Implementation, therefore, influences household behaviour, which will change certain habits to adapt to the protocol. As a result, errors may appear in the test results. [71], [74]; 
· Measurement variability: Significant variations can be observed in measurements of pollutant emissions and fuel consumption. The coefficient of variation (VOC) of the results obtained can reach 40% or more, in contrast to that obtained in the laboratory, which is lower. This is due to the fact that laboratory tests are carried out under more controlled conditions [71], [75];
· The study's sources of error are difficult to control: In a household study, controlling external factors such as cooking habits, the state of disrepair of the cookstove, the humidity and nature of the fuel, and external sources of pollution proves difficult. This can influence the performance of cookers and levels of indoor air pollution [71]. Errors can also be caused by the poor condition of the measuring equipment or even by the person in charge of the study [74];
· The complex implementation of the method: a good understanding of the social and cultural dynamics of the populations concerned by the study and careful planning are necessary for the implementation of the KPT. This is likely to make its implementation complex and costly [71];
In addition to these limitations, other factors can hamper the implementation of the KPT method. In fact, when applying the method in a household, it is possible that the household uses fuel that has not been weighed beforehand. This can happen when the household has used all the fuel weighed before the person in charge of the study arrives. This can lead to errors in the amount of fuel consumed. Also, as the number of meals cooked during the day is an important factor, failure to take precise account of the number of meals leads to errors in calculating the amount of fuel per adult equivalent [74].
In conclusion, although the KPT is a recognised method for assessing the performance of cooker hobs in real-life situations, its limitations must be considered when interpreting the results.
2.2.2. Water boiling test (WBT)
2.2.2.1. Definition
The water boiling test (WBT) is a laboratory study protocol designed to measure the performance of a furnace in heating water in a pot and the quantity of pollutants emitted during the process. [76]. The test is designed to be easy to implement, reproducible and standardised, making it possible to compare cookstoves of different types manufactured in different locations and for different cooking applications [76]. TEE consists of three phases: the high-power cold-start phase, the high-power hot-start phase and the simmering phase [76].
The genesis of laboratory protocols goes back to 1980, when the Intermediate Technology Development Group (ITDG), now known as Practical Action, first attempted to develop a laboratory test procedure for a furnace [77]. Between 1982 and 1985, VITA volunteers developed the ITDG concept and the Eindhoven Woodburning Stove Group [78] to come up with the very first version of the water boiling test (Water Boiling Test - WBT), used to evaluate the quantity of fuel used under specific conditions to boil water. The first version of the WBT included two phases, a high-power phase and a low-power phase, during which water was rapidly brought to the boil, then left to simmer for 30 minutes. There was no emission test yet. Baldwin's technical report on stoves provided an initial review and discussion of VITA's WBT [79], one of the most widely quoted references by stove designers (it will be called WBT 2.0). In collaboration with researchers from the APROVECHO research centre, Dr Kirk Smith and Rob Bailis revised this version of the WBT between 2003 and 2007 [80] resulting in a new version called WBT 3.0 [76]. This version differs from the previous one by adding an additional phase to the protocol, called "hot start", and by standardising pot sizes and water volumes[81]. The latest version of the boiling water test has been updated to correct errors found in previous versions. It was released in 2014 and is called WBT 4.2.3.

2.2.2.2. Advantages and limitations
TEE is a useful tool for assessing household performance, during which the associated measuring equipment measures the quantities of pollutants emitted at source. The main advantages of this method are as follows:
· Precise measurement of thermal efficiency: TEE quantifies the thermal efficiency of stoves, i.e. their ability to convert fuel energy into useful heat for boiling water. This efficiency is essential for comparing different cookstove models and optimising their design [82].
· A simple, reproducible methodology: TEE is an easy-to-implement method that can be carried out with simple equipment, making it accessible to researchers and field workers alike. The results can thus be widely disseminated, and improved stoves adopted more rapidly [76].
· Standardised comparison: TEE facilitates comparison between technologies by providing a standard framework for testing different types of hearths, enabling users to make an informed choice of cooking equipment [76].
· Feedback for innovation: Data collected during boiling tests can be used to improve cookstove design. In this way, the results can be used as a guide to the modifications needed to increase thermal efficiency or reduce pollutant emissions [76].
However, this test has its limitations. It is an approximation of the household cooking process, carried out under controlled conditions by qualified technicians. These limitations include:
· Non-representativeness of actual conditions: TEE is carried out in the laboratory, which is a controlled environment, by operators trained in the implementation of the protocol. This may not reflect actual household cooking conditions. In the laboratory, for example, it is possible to control air inlets and use fuels of the same type. However, in a domestic environment, cooking conditions vary from one household to another, depending on the characteristics of the kitchen, which can influence air inlets, and it is also difficult to have fuels of the same nature for cooking. Also, the level of fuel filling in the cookstove and the handling of the fire during combustion can vary from one operator to another. This can influence cookstove performance and the level of air pollutant emissions. As a result, performances obtained during laboratory tests are likely to differ from those observed on cookstoves used in real domestic conditions.
· Uniformity of the fuel used: In the laboratory, the fuels used for testing are generally of the same type and have the same characteristics. It is also possible to control the moisture content of the fuel, so that it is easy to use. This is not generally the case in the domestic environment. In fact, the moisture content of the fuel and its chemical composition are factors that can influence the level of emissions of indoor air pollutants. [83].
· Handling method not taken into account: TEE does not include the method of handling fuel in the cookstove during firing. This handling, which affects the intensity of the fire and emissions, varies from one operator to another, and can be responsible for increasing or decreasing hearth performance. In fact, managing the size of the fire and refuelling depends on the operator's judgement of the need.
In conclusion, although the Water Boiling Test is a useful tool for assessing the performance of cooker hobs, its limitations need to be carefully considered when analysing air quality. The results need to be supplemented by field studies and wider analyses to get a complete picture of the impact of cookstoves on air quality.
2.2.3. Controlled cooking test
2.2.3.1. Definition
A controlled laboratory cooking test (CCT) is a method used to evaluate the performance of cooking hobs in a controlled environment. The test involves performing a standard cooking task similar to the actual cooking practices of local populations, while reducing the influence of other factors to allow reproducibility of test conditions. [84]. The main elements of a CCT are as follows:
· materials: The test requires materials such as fuel (e.g. wood or charcoal), sufficient food for all tests and cooking equipment ;
· cooking operation: A standard cooking task is developed taking into account the availability of a sufficient quantity of food to carry out the tests ;
· Test conditions: The various tests are carried out in a controlled environment, with repeatability enabling differentiation between outbreaks [84] ;
· Participants: the cooking process requires the involvement of local people familiar with both the meal being prepared and the operation of the cookstove to be tested [84].
The TCC protocol has been improved and adapted in different national contexts, such as the Modern Energy Cooking System (MECS) controlled cooking test (CCT) protocol, which is based on the production of reproducible dishes. These dishes are then repeatedly cooked using several types of fuel under controlled conditions. This operation makes it possible to measure and compare the amount of energy required for cooking, as well as the time taken to cook the food [85].
In parallel with the TCC, it is possible to assess the quantities of pollutants emitted and their level of concentration in the cooking zone. Measuring devices positioned close to the cooking area can be used to characterise the pollutants emitted and the levels of household exposure to indoor air pollutants.
2.2.3.2. Advantages and limitations of CCT
This method of assessing cookstove performance and air quality offers several advantages:
· By simulating typical cooking activities in the laboratory or in the real world, TCC reflects actual culinary practices. This realism enhances the relevance of results, as it takes into account fuel characteristics and household cooking habits, which are often overlooked in artificial test environments such as laboratories [84];
· The TCC is a standardised method for characterising and quantifying emissions from various cooking methods under controlled conditions. This reduces variability and enables accurate comparisons to be made between different cookers and fuels, making it possible to collect reliable data on air pollutants such as particulate matter (PM2.5) and carbon monoxide (CO).
Despite the advantages of this method, it has a number of limitations that can affect the accuracy and applicability of the results:
· As this method is carried out in controlled laboratory environments, it may not accurately reflect actual household cooking conditions. Factors such as weather conditions, cooking techniques and household configuration (kitchen size and openness) can have a significant influence on pollutant emissions and concentration levels, but these are often standardised or simplified in the laboratory. This disparity can lead to results that do not fully take into account the complexities of household cooking conditions and practices;
· This method is often based on short cooking tests, which do not always take into account the long cooking periods or the diversity of cooking procedures observed in households. This limitation is particularly important in communities where several meals are prepared each day, which can lead to an accumulation of pollutants emitted in the kitchen, which short-duration tests do not allow us to observe.
The controlled cooking test remains an essential tool for establishing the relationship between household cooking practices and the quality of food.
2.2.4. ISO 19867-1: 2018
2.2.4.1. Definition
ISO 19867-1:2018, entitled "Clean stoves and clean cooking solutions - Harmonised laboratory test protocols - Part 1", provides a standard test sequence for comparing the performance of different types of stoves, fuels and cooking practices. It establishes international comparability in the measurement of emissions and efficiency of stoves [86].
The standard was developed by ISO/TC 285. It provides guidelines for emissions and efficiency testing, safety testing and durability testing. The document proposes requirements and guidelines for carrying out tests to provide quantitative and qualitative measurements of cooker performance [86].
The ISO 19867-1:2018 protocol has been used in various studies to determine furnace power, energy efficiency, fuel use and pollutant parameters[87], [88], [89], [90], [91], [92], [93], [94], [95]. The aim of this method was to unify the best methods for studying existing cookstoves and to provide a standard test sequence to enable international comparability in the measurement of emissions and the performance of cooking cookstoves. 
2.2.4.2. Advantages and limitations of ISO 19867-1:2018
ISO 19867-1:2018 offers several considerable advantages, particularly in the context of cooker hobs and enhanced cooking technologies. The main benefits are as follows:
· Promoting public health: the standard aims to reduce harmful emissions from cooking appliances, thus helping to improve indoor air quality and limit pollution-related health problems, particularly in developing countries where traditional stoves are widespread [86].
· Harmonised standards: ISO 19867-1 provides standardised test protocols to ensure that the performance of cooker hobs can be consistently assessed and compared. [86]. This helps drive innovation and continuous product improvement.
· Accessibility and sustainability: The standard sets clear criteria for performance, safety and sustainability, making cooking technologies more accessible to disadvantaged populations. Indeed, manufacturers can develop affordable equipment that meets local requirements while incorporating modern technologies.
Despite its advantages, ISO 19867-1 has a number of limitations that can compromise its effectiveness:
· Limited applicability: This standard is specifically designed for biomass stoves and may not be suitable for all types of cooking technologies, including those using other energy sources such as gas or electricity [86].
· Laboratory test conditions: Test protocols are based on controlled laboratory conditions, which may not accurately reflect the realities of the domestic environment. Consequently, the results obtained may not be indicative of the cookstove's actual performance under normal conditions of use.
ISO 19867-1:2018 plays a major role in promoting safer, more efficient and more sustainable cooking technologies, offering tangible benefits for public health, the environment and the living environment.
Conclusion
Indoor air pollution is a phenomenon that impacts the lives of people all over the world. These populations spend more than 80% of their time indoors, and despite the risk this entails, there is less data available on the concentration levels of indoor air pollutants compared to outdoor air.
This literature review has given us a better understanding of the causes and sources of indoor air pollution, which are mainly building materials, the influence of outdoor air, cooking stoves and solid fuels. It also enabled us to list the current methods used to study air pollutant emissions. Despite the limitations of some of the studies, the results presented are a major asset in the study and characterisation of pollutants emitted during the use of solid fuel cookstoves.
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