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The utilization of biomass for cooking and heating is old, occurring from the early stages of human evolution because of its wide and easy availability. In Asia, a majority of the population is dependent on solid biomass for cooking and heating applications. Biomass cookstove produces emissions like carbon monoxide (CO), and particulate matter with aerodynamic diameter ≤2.5 μm (PM2.5) which are dependent on the classifications and characteristics of fuel used in stoves. These emissions trigger many health risks because of the utilization of traditional cookstoves (TCS) which have less thermal efficiency. The literature contains a considerable amount of information on biomass cookstoves; however, it is dispersed particularly in Asian countries. In this principle, this paper gives an overview of available literature on biomass cookstoves for cooking and heating in Asian countries which are involving Bangladesh, China, India, Mongolia, Nepal, Pakistan, Sri Lanka, and Laos. This paper covers a detailed discussion on various aspects of biomass cookstoves: history, classification, fuel characteristics, health risks, design criteria, the scenario in selected Asian countries, thermal efficiency and emission comparison, and barriers to dissemination of improved biomass cookstoves (ICS). Learning from the review and comparison made conclude that the ICS has better thermal efficiency, and lesser emissions, as well as health risks but, have some potential barriers to dissemination.
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BACKGROUND
In the era of computers and technological gadgets, approximately 2.6 billion people do not have clean cooking facilities, and if forecasts are correct this figure will remain roughly the same into 2030 (IEA, 2012). In Asia, about 1,460 million people rely on the traditional use of biomass for cooking with approximately 57% having access to clean cooking by 2018 (IEA, 2020). Figure 1 shows the percentage of the population with access to clean cooking throughout the world. The use of conventional biomass for cooking causes indoor air pollution (IAP) and human health issues, especially in poorly ventilated facilities (Das et al., 2017; Yip et al., 2017; Goldemberg et al., 2018). The IAP, caused by traditional solid fuel cooking, causes the premature deaths of over 2.6 million people each year in low- and middle-income countries (Haines et al., 2009; Arku et al., 2018). Traditional solid fuel cooking contributes significantly to global greenhouse gas and black carbon emissions, accounting for 1–3% of all human-generated global warming (Smith, 1994). The use of household solid biomass for cooking and heating accounts for around a quarter of all annual anthropogenic black carbon emissions worldwide (Bond et al., 2013). It is expected that 3 billion people in the world are directly dependent on the combustion of biomass that causes IAP in terms of smoke and other hazardous materials (Assad et al., 2015). These most common hazardous materials which contain smoke are CO (carbon monoxide), PM2.5, (fine particular matter with aerodynamic diameter ≤2.5 μm), and CO2 (carbon dioxide) which causes health problems.
[image: Figure 1]FIGURE 1 | Percentage of population access to clean cooking throughout the world (IEA, 2020).
As a solution to the aforementioned global problems, improved biomass cookstoves (ICS) are introduced worldwide to improve cooking efficiency. The motivation behind the development and design of the ICS is to acquire clean burning and reduce negative health effects, emissions, and the quantity of fuel needed. As a result, the expert panel on cookstove technologies set new benchmarks for the ICS at the “Bio-Mass Cookstoves Technical Meeting” in January 2011: “at least 90% emissions reductions and 50% fuel savings over baseline technology (three-stone fire)” (U.S. Department of Energy, 2011). More than 160 cookstove programs are currently active across the world (Ruiz-Mercado et al., 2011).
The major portion of the population in Asian countries is dependent on biomass for cooking and heating purposes. The TCS utilized by these countries has several limitations which are involving, including emissions of CO2, PM2.5, low thermal efficiency, and more fuel consumption. The IAP due to the emissions causes several health risks. The ICS thermal efficiency, emissions performance, and dissemination barriers for the Asian countries are available in the literature, however, these are dispersed. In this regard, this paper is an effort to overview the biomass stoves for cooking and heating scenario in various Asian countries including Bangladesh, China, India, Mongolia, Nepal, Pakistan, Sri Lanka, and Laos. In addition, the study included a comparison of thermal efficiency, CO and PM2.5 emissions of the TCS and ICS, and barriers to dissemination of these ICS in Asian countries. After going through various research conducted on ICS in Asia, we found that the ICS has better thermal efficiency, and emissions performance, thereby fewer health risks. However, we found different barriers to the dissemination of the ICS among the Asian countries such as financial, infrastructure, awareness, market, stove size, and socioeconomic factors. Therefore, these barriers should be the focus of the research community.
BIOMASS COOKSTOVES
The term “biomass cookstove” refers to a physical structure that incorporates air-fuel combustion for heat release and then transfers that heat to a cooking target. Besides cooking, stoves can be used for space/water heating, in-house lighting, fish/meat smoking, and grain/flour roasting, in addition to cooking. In many cultures, the same device is used for several purposes. Modern cookstoves offer characteristics such as high efficiency, low emissions, and greater user safety than traditional fire stoves. There are a variety of cookstove designs around the world, whether traditional or improved, based on a wide range of food patterns, socio-cultural factors, and fuel types accessible.
History and development
Cookstoves are as old as human history. They have evolved in numerous shapes and sizes, made up of varied materials, and adapted to different cultures and cuisines, with the advent of time. Table 1 shows the history and development of biomass cookstoves with objectives, benefits, and limitations.
TABLE 1 | History and development of cookstoves with objectives, benefits, and limitations.
[image: Table 1]Classifications and available technologies of biomass cookstoves
Biomass cookstoves can be classified in a variety of ways. Traditional and improved cookstoves are the two broad categories. The traditional cookstoves have been established for thousands of years in response to community culture and eating habits. These stoves are most affordable, and consumers are acquainted with how to use them, therefore they are broadly accepted in society. The Improved Cookstove is a cook stove that uses scientific concepts to aid better combustion and heat transfer, as well as modern construction to improve emissions and efficiency performance (Kshirsagar and Kalamkar, 2014). In addition, classifications of biomass cookstoves depend on the use of technology, combustion type, construction material, chimney, and portability as represented in Table 2.
TABLE 2 | Classification of stoves with their advantages and disadvantages.
[image: Table 2]The different types of stoves available on the market can be classified differently. The technology of the stove can be classified by the material of construction and whether it is a fixed or portable stove. Additionally, the amount of fuel burned can be determined by how many chimneys the stove has and if it has grates inside the firebox to increase combustion. There are a variety of stoves in use, depending on the location and the type of fuel available. Some stoves are specially designed for burning one fuel; others burn a variety of fuels. A traditional biomass cookstove consists of an air intake and transport system, a bed of fuel, a gas phase combustion zone, and a cooking pot. There are three primary types of traditional household biomass cookstoves based on the treatment of the combustion chamber shown in Figure 2.
[image: Figure 2]FIGURE 2 | Types of cookstoves: (A) Open cooking fire, (B) Shielded cooking fire, (C) Enclosed fire with chimney (MacCarty et al., 2010).
Stove testing standards and protocol
A proper design of stoves enhances the efficiency of combustion ultimately helping to reduce deforestation. The testing of stoves in a standard laboratory leads to improved future designs and also to the adoption of standard terminology. The Global Alliance for Clean Cookstoves (GACC) and International Standards Organization (ISO) have identified a clear need for a common standard for Improved Cookstoves and are working in an attempt to standardize test procedures for all cookstoves. Major stove testing protocol categories include 1) Water Boiling Test (WBT), 2) Heterogeneous Testing Protocol (HTP), which are lab-based tests. The procedure is repeated for any pot/fuel/stove combination tested. The Controlled Cooking Test (CCT) Kitchen Performance Test (KPT) and Uncontrolled Field Test (UFT) are field based tests. The WBT, CCT, and KPT are the most accepted testing protocols for cookstoves.
The WBT is a lab-based test using the laboratory emissions monitoring system (LEMS). The test measures and analyses thermal efficiency, emissions (CO2, CO, and PM), fuel to boil 5 L of water, energy to boil 5 L of water, and time to boil 5 L of water. Thermal efficiency and emissions are measured in Tiers with Tier 4 being the highest performance and Tier 0 being the lowest. The minimum accepted rating by the Global Alliance for Clean Cookstoves is Tier 2 for these 2 parameters. The CCT is designed to assess the performance of the improved stove relative to the common or traditional stoves that the improved model is meant to replace. Stoves are compared on how they perform a standard cooking task that is closer to the actual cooking that local people do every day. However, the tests are designed in a way that minimizes the influence of other factors and allows for the test conditions to be reproduced.
The KPT is the principal field–based procedure to demonstrate the effect of stove interventions on household fuel consumption. It includes 1) an assessment of the qualitative aspects of stove performance through household surveys and 2) comparison of the impact of improved stove(s) on fuel consumption in the kitchens of real households. An important parameter assessed in KPT is the safety of the stove. The following are evaluated: sharp edges/points, cookstove and pot tipping, containment of fuel, obstruction near cooking surface, surface temperature, heat transfer to surroundings, cookstove handle temperature, chimney shielding, flames surrounding the pot, and flames exiting the fuel chamber.
Characteristics of fuel used in biomass cookstove
The majority of solid biomass is woody biomass (some of which is turned into charcoal) obtained directly from forests and it is the most commonly used cooking fuel in developing countries. Solid biomass fuels, which go beyond firewood and charcoal, can be made from agricultural waste and forest wastes, and are becoming significantly more popular. For example, agriculture produces an estimated 140 billion tonnes of biomass residues per year, which is comparable to 50 billion tonnes of oil (UNEP, 2009). Cookstoves can burn a variety of solid biomass fuels like crop waste, dung, wood, charcoal, briquettes, pellets, coal, and woodchips (Sweeney, 2017). Figure 3 shows households in millions (m) or billions 2) relying on solid fuel use for cooking and heating throughout the world. The most common methods for obtaining energy from solid biomass are gasification, direct burning, pyrolysis, liquefaction, anaerobic absorption, alcoholic fermentation, and transesterification (Ahmad et al., 2019). Between the middle of the 1980s and the early 1990s, China designed several coal- and briquette-burning stoves (Gujral, 1992). Although some cookstove manufacturers claim that their stoves can burn a variety of fuels, however mostly cookstoves are built to burn only one type of fuel. Densified biomass pellets as a source of energy have a great influence on low-income populations due to their ease of accessibility, low price, and sustainability. Furthermore, biomass briquettes as a source of energy are carbon neutral and have no impact on the environment (Abbas et al., 2022). In terms of innovation, aside from the energy savings over wood, charcoal may have minimal respiratory health risks to consumers compared to a variety of other traditional fuels (Santín et al., 2015; Sundberg et al., 2020).
[image: Figure 3]FIGURE 3 | Million (m), billion (b) of households rely on solid fuels for cooking and heating throughout the world (Carvalho et al., 2016).
Coal is also an important source of energy for domestic cooking and heating in Asian countries. Coal is a type of carbon that contains a solid, black substance (Ahmad et al., 2022), that is found underground and is one of the most popular fossil fuels (Rahimi et al., 2020). Agricultural residues are non-edible components of plants that are left in rural areas, such as leaves, stalks, straws, husks, shells, peels, and so on. Wood fuels and agricultural residues differ in that they have higher ash, and volatile matter content, low density, and lower energy content. Densifying the crop residues enhances their properties for cooking. Briquettes, also known as cakes, rods, or pellets, are biomass materials made (or densified/extruded) in a variety of sizes and produced using crop wastes, recycled materials, or other materials such as sawdust. In developing countries, pellets or briquettes/cakes can usually be used with a variety of improving biomass stoves (Ahmad et al., 2021a). The types and characteristics of solid fuel for cooking and heating are represented in Figure 4. In rural areas of developing countries, the technique of fuel stacking is very common. Fuel stacking occurs when a home uses multiple fuel types regularly. The fuel stacking depends on the meal to be cooked, the availability of various kinds of fuels, and the family’s present financial situation (Johnson and Bryden, 2012).
[image: Figure 4]FIGURE 4 | Types and characteristics of solid fuel for cooking and heating, data are obtained from (Sweeney, 2017).
Health risks of biomass cookstoves emissions
Approximately three billion people worldwide are exposed to indoor air pollution (IAP) because of solid fuel (wood, charcoal, coal, dung, and crop residues) cookstove emissions (Bonjour et al., 2013). The IAP is generated by inefficient solid fuel combustion, which has several immediate negative effects on human health, particularly among small children and their mothers. According to the 2013 Global Burden of Disease Study (GBD), the IAP accounts for between 3 and 5% of the GBD in terms of disability-adjusted life years, with roughly one-third of those affected being children under the age of five and the rest being adults (Steenland et al., 2018). Carbon monoxide (CO), and PM2.5 (fine particular matter with aerodynamic diameter ≤2.5 μm) are major emissions associated with the IAP and have significant health risks. Respiratory (cough, and dyspnea), and childhood pneumonia are acute health effects while longer-term exposure has been linked to an increased prevalence of chronic diseases such as blood pressure or hypertension, low birth weight, cardiovascular diseases, lung cancer, mutagenicity, and other kinds of neoplasia. Figure 5 shows possible health risks of solid fuel cookstoves emissions. The ICS can be served as an intervention to lessen the health risks by lowering emissions from cookstoves. A recent study has reported the ICS as an intervention to minimize health risks (Pratiti et al., 2020). The authors concluded that the ICS is effective in reducing the effect of air pollution on blood pressure in women over the age of 40 and women who use ICS have a higher health-related quality of life. The use of ICS to tackle childhood pneumonia, birthweight, and cardiovascular diseases is not beneficial, thereby still needs to improve.
[image: F5]FIGURE5 | Possible health risks of solid fuel cookstoves emissions.
DESIGN CRITERIA USED FOR BIOMASS COOKSTOVES
Numerous designs of biomass cookstoves have been developed which can be classified according to the materials used in their construction, the number of pots used, the types of fuel used, and so on (Mehetre et al., 2017). However, there are three major aspects while designing of cookstoves which are involving social, technical, and economical aspects. Social aspects are based on current cultural and local demands and limits and are a prerequisite for the society’s long-term adoption of a cookstove. The present research and development operations in cookstove design are centered on technical aspects such as high efficiency, low emissions, material durability, and user safety (Kshirsagar and Kalamkar, 2014). Finally, the economic factor dictates the investment’s return period, and is thus critical for effective cookstove adoption. Most of the major and sub-criteria listed in Figure 5 are interdependent, despite being classed in distinct categories. For example, technological and economic issues, are inextricably linked, as the cost effectiveness of a stove is usually determined by its technical capabilities.
The ICS reduces the load of fuel collection on women as well as children and saves time due to less firewood consumption. The biomass cooking and heating stoves should be manufactured in such an approach that is appropriate to end-users. While designing the ICS, some general steps should be considered. Firstly, the ICS design must be low-cost and energy efficient as compared to open fire. Second, the ICS design must have the potential to combat heavy use for at least 1 year. Thirdly, the ICS design must be able to be constructed using locally available resources and apparatus. In addition, the scientific understanding, engineering principles, and concepts including are significant for cookstove designing. The steps toward products for household use indicate that one who is going to design the stove should have a better scientific understanding and knowledge about engineering principles as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Important aspects that should be considered for cookstove design.
Safety protocol and modern tool usage
A safety evaluation should be part of the design process for stoves. Humanitarian and private sector organizations have made a commitment to increase the adoption of improved cookstoves (ICS) in low- and middle-income countries in order to mitigate pollution, deforestation, and injuries caused by their use. A timeline of the evolution of laboratory-based protocols is shown in Figure 7. (Kshirsagar and Kalamkar, 2014). provided detailed information regarding testing protocol and modern technology usage in his study.
[image: Figure 7]FIGURE 7 | Summary of protocols evolution over time (Lombardi et al., 2017).
As part of the International Workshop Agreement (IWA), cookstoves are rated against a series of performance indicators, including Fuel Use (Efficiency), Emissions (Carbon Monoxide and Particulate Matter 2.5), Indoor Emissions (Carbon Monoxide and Particulate Matter 2.5), and Safety. Rather than select a single laboratory protocol to determine cookstove performance, this International Workshop Agreement will enable stove testers to utilize laboratory protocols most appropriate for the stove and performance indicator being tested. The following minimum equipment or methodology is required for certified testing of emissions, performance, and indoor emissions:
1) For carbon monoxide emissions or room measurement: non-dispersive infrared (with calibration consistent with U.S. EPA 40 CFR Part 60,) or electrochemical cell (with pre/post calibration method).
2) For particulate matter emission or indoor air quality measurement: 1) real-time measurement of a particulate matter proxy via light scattering, and 2) PM2.5 gravimetric measurement such as U.S. EPA 40 CFR Part 60, Appendix A, Method 5.
3) For emissions exhaust gas flow: constant volume pump or flow grid both with real-time temperature and pressure correction consistent with U.S. EPA 40 CFR Part 60, Appendix A, Method 1 or 2d, or equivalent.
4) For temperature measurement: Type K thermocouple or equivalent.
5) Computer data logging of all measurements with a minimum time resolution of one measurement per 10 seconds.
6) For measuring fuel and water masses, a calibrated digital scale with 1-g resolution or better.
Computational fluid dynamics and modeling of household biomass cookstoves
The use of computational fluid dynamics (CFD) and modeling in conceptual design can improve the speed, accuracy, and efficiency of cookstoves. Regarding stove design, it provides details of assumptions, theory, results, and validation. CFD provides an accurate means of analyzing the stove’s thermal and emission characteristics. Once it has been experimentally validated, CFD can be used as a standalone tool, in addition to preliminary experimentation (Pande et al., 2020). A CFD-assisted optimization biomass cookstove was developed and tested, incorporating geometric design modifications to achieve uniform air-fuel distribution. As shown in Figure 8, in a recent study, optimal power output and temperatures were obtained when the grate was placed at a height of 25 mm, and the 15-hole plate was located at a height of 105 mm from the bottom of the cookstove.
[image: Figure 8]FIGURE 8 | A CFD assisted optimized biomass cookstove designed with geometric design modification (Husain et al., 2019).
The three main zones of the stove system, namely the fuel bed, the flame zone, and the heat transfer zone, play a crucial role in stove design. Correlations between heat transfer and fluid flow can be compiled, as can various methods for radiation heat transfer and combustion heat release. Several recent models include steady-state simplified analytic models of packed bed combustion, generalized correlations for convection and radiation, and Computational Fluid Dynamics (CFD) based heat transfer models. Additionally, there are more than a few factors to take into account in stove modeling, including transient processes; models for combustion of various shapes, sizes, and arrangements of fuel; and pollutant formation. A schematic of a small biomass cookstove of the type that is used in virtually all numerical models of cookstoves is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Processes within a cookstove (MacCarty et al., 2010).
The purpose of cooking stove modeling is to improve the efficiency of heat transfer by exploring the relationship between the combustion rate, excess air, geometry, and heat transfer. All three major zones of the cookstove system have been described and coupled with zonal models: the reacting fuel bed zone, the gas phase combustion zone, and the heat transfer zone around the cooking pot. Table 3 provides a summary of traditional and improved cookstove modeling efforts.
TABLE 3 | Summary of traditional and improved cookstove modeling efforts.
[image: Table 3]Application of computational fluid dynamics for combustion modeling of biomass cook stoves
The thermochemical conversion of biomass has attracted a lot of attention over the past 2 decades. Developing reliable designs and scaling up procedures has been the objective. A balanced approach combining experiments and mathematical modeling was effective in achieving the objectives. In addition, there have been significant improvements in the development of efficient and reliable numerical models for simulating hydrodynamics, mixing, combustion, and related phenomena over the past decade (Ngo and Lim, 2020). This has allowed for the detailed analysis of thermochemical reactors such as combustors, pyrolyzers, incinerators, gasifiers, etc. In order to analyze and optimize the above-mentioned thermochemical reactors, CFD simulations have been conducted continuously (Sedighi and Salarian, 2017).
A computational model for the conceptual design of biomass cookstoves would enable a more accurate, faster, and more adaptive understanding of heat transfer and flow within the stove (Commeh et al., 2022). Experimental data sets with thermal performance characteristics in terms of design characteristics are required for model validation. Numerical models of stoves can be divided into two types. Zone models combine processes into zones and calculate efficiency, excess airflow, and average temperatures throughout a system, and may also indicate emissions. Within the prescribed design space, zonal models are fast and flexible, with various measurements available for validation. For the development of a zonal model, design variables include 1) geometry, 2) materials composing the flow path, as well as 3) operational variables such as fuel supply and the power of the flame. Thermal efficiency can be determined by dividing the energy transfer into the pot measured by water temperature rise and evaporation by the energy released by the fuel measured by lower heating value and mass of fuel used during the test. Based on this, the following data are needed for input into the model: 1) Operational variables, including experimental firepower, fuel moisture content, and lower heating value, 2) Geometrical variables providing a full description of the flow path, stove body, and cooking pot dimensions (Figure 10) subject to the constraints of the model, 3) Material variables such that the thermal conductivity of the stove body components can be determined, 4) Thermal efficiency as measured.
[image: Figure 10]FIGURE 10 | Geometrical variables (Maccarty et al., 2013).
User-centric design, experimental and optimization techniques
Globally, biomass cookstoves have been implemented in a variety of ways, and many more are being developed. The adoption rates and effects of new cooking technologies in developing countries have been explained with different models (Ruiz-Mercado et al., 2011). Traditional “energy ladder” models were defined originally (Van Der Kroon et al., 2013). It holds that traditional devices are completely replaced by modern alternatives as a family’s income increases. Transitions are not unidirectional, and people evolve to a “multiple fuel” model as they move up the energy ladder, while maintaining their traditional sources. Researchers have made many new designs and changes to cooking stoves, but users have not adapted to them (Bosque et al., 2021). In order to facilitate the adoption of improved cookstoves and ensure their success, theoretical analyses and user experiences are vital.
There is a distinct cooking situation for every cuisine. The range of cooking power and shape and size of utensils required are almost rigid at the user’s end (Kshirsagar and Kalamkar, 2016). Researchers are focusing on the development of biomass cookstoves that can burn biomass more efficiently, which requires an understanding of pollution emissions caused by different parameters. Using the multi-factor parameters Inlet area ratio, Primary air ratio, Pot gap, Fuel surface to volume ratio, and Pot diameter, ((Kshirsagar et al., 2020) improved the combustion performance of biomass cookstoves. A central composite design combined with Response Surface Methodology and desirability function was found to be an effective way to optimize a natural draft biomass cookstove’s performance. Detailed information on user-centric sizing of biomass cookstoves subjected to different constraints is presented with a mathematical equation (Kshirsagar and Kalamkar, 2016; Kshirsagar et al., 2020).
Use of forced draft or hybrid draft in modern-day stoves
Technology-based cookstove designs have been introduced to the markets of developing countries for domestic and institutional use. Most developing countries face challenges with the sustainability of biomass cookstove designs that have been churned out over the years (Gill-Wiehl et al., 2021). Nowadays, forced drafts and hybrid drafts are very popular. An effective method of increasing air-fuel mixing and combustion is to create turbulence using forced draft. Several factors contributed to the high capital costs, including fan design, manufacturing technique, and the complexity of the fan. Due to the availability of computer-based fans at a relatively low cost, the problem of high-cost fans has been overcome. For eliminating the running cost of fans, researchers used the thermoelectric generator (TEG) to harness a small fraction of the stove’s thermal energy to provide power on demand for fans and surplus power for providing electricity to remote places (Raman et al., 2014; Najjar and Kseibi, 2017). A hybrid draft stove is a small-capacity combustion device that combines natural drafts and forced drafts. Hybrid draft biomass cookstoves designed with the help of the Central Composite Design and Response Surface methodology can achieve low emissions and be efficient in terms of energy and emissions (Kshirsagar and Kalamkar, 2020). A biomass cook stove with affordable fan power was tested using a hybrid draft to reduce CO and PM2.5 emissions. Based on a mathematical model for a hybrid graft stove, a spreadsheet was used to determine the dimensions of the prototype using Visual Basic for Applications. Figure 11 shows a hybrid draft prototype that has 30% higher efficiency than seven other models (Vicente and Alves, 2018; Zhang et al., 2019).
[image: Figure 11]FIGURE 11 | The high-efficiency hybrid draft stove prototype (Kshirsagar and Kalamkar, 2022).
BIOMASS STOVES SCENARIO IN ASIA
Around the world, many cookstove programs have been implemented. Those programs aim to reduce fuel consumption in order to reduce deforestation, and to improve health conditions by reducing emissions and therefore environmental pollution. Other objectives include improving social conditions in developing countries and reducing global warming. Improvements to Cookstove programs have reported mixed results. Many of the programs have failed to achieve their target objectives. The improved biomass cookstoves (ICS) have become an important topic of research for more than 40 years, but still 2.6 billion population cook over traditional open fire stoves (Kshirsagar and Kalamkar, 2014). The ICS are biomass cooking stoves that are designed to maximize thermal and fuel efficiency, operate safely, and emit low levels of pollutants that are damaging to human health (Mehetre et al., 2017). Evidence suggests that extensive implementation of cookstoves technology with improvements in energy and combustion efficiencies could significantly help to mitigate adverse human health, energy, and environmental effects (Smith, 1994; Pratiti et al., 2020). According to the International Energy Agency, about half of developing countries’ populations rely on biomass in the form of fuelwood, agricultural residues, animal dung, and biofuel charcoal to meet their cooking and heating needs (International Energy Agency, 2006). Improved cooking stove projects have been launched in most Asian countries in the field of biomass utilization. The programs have been commenced in China, where 129 million stoves had been placed by early 1992, and in India, where 35.2 million stoves had been installed by March 2003 (Rofiqul Islam et al., 2008). Figure 12 represents the percentage of household distribution of improved cookstoves in rural and urban areas of some selected Asian countries.
[image: Figure 12]FIGURE 12 | Distribution of improved cookstoves (ICS) in rural and urban areas of Asian countries in recent decades (ESCAP, 2018; World Bank, 2014).
Biomass stoves in Bangladesh
In Bangladesh, about 74% of the rural population cooks predominantly with biomass fuels such as straw/leaf (28.6%), husk/bran (4.0%), and jute stick/wood/bamboo (41.2%) (Finance, 2020). The TCS typically consists of a mud-built cylinder with three slightly raised platforms on which utensils are placed. The efficiency of biomass cookstoves is between 5% and 10%, producing greenhouse gases, and creating a health threat in the kitchen. According to the World Health Organization, more than 70,000 people die in Bangladesh each year because of diseases caused by the IAP from the TCS. Despite these health concerns, families have been diffident in moving to cleaner, more efficient cookstoves in the past owing to a lack of understanding and a fear that their meals will lose quality and taste. However, in May 2013, the ICS program began addressing the problem comprehensively by concentrating on the gender and health factors of clean cooking. Furthermore, the ICS program has started assisting women as part of the supply chain for cleaner cookstoves, allowing them to earn money and, as a result, reducing poverty in rural households (World Bank, 2018). By January 2017, this program has distributed one million improved cookstoves, about 2 years ahead of plan. All the program’s direct beneficiaries were women, and the program’s second phase of execution seeks to reach an estimated five million users by 2021 (World Bank, 2018).
Ahmed and Iqbal studied the benefits of improved cookstoves considering Bondhu Chula in rural Bangladesh (Ahmed and Iqbal, 2018). The 2018 household survey data of the Bangladesh Institute of Development Studies, which collected information from 600 users of Bondhu Chula and 396 users of traditional cookstoves, was used to use Propensity Score Matching, a quasi-experiment econometric method. According to the results, homes utilizing Bondhu Chula save roughly 50 kg of biomass fuel per month, or 30–37% of biomass fuel use, when compared to households using the TCS. Bondhu Chula was also proven to improve health outcomes by lowering indoor air pollution and decreasing household cooking time (Ahmed and Iqbal, 2018). Uddin et al. studied thermal performance and emission analysis of metallic, and nonmetallic (cement) improved cookstoves. The authors concluded that metallic improved cookstove has a better thermal performance of about 35–40% as compared to nonmetallic at 20–30%. However, the nonmetallic improved cookstove emits fewer pollutants when a chimney is connected to the exhaust (Uddin et al., 2020).
In Bangladesh, the ICS are available in a variety of fuel (pellets, briquettes, ethanol, and solar) and form/material (cement/clay/concrete, fixed/portable, and locally manufactured/imported) options. Despite its tremendous fuel-saving potential and a three-to 4-month low-cost recovery period, uptake has been slow, with barely 10% countrywide adoption (Finance, 2020). The organizations involved in biomass cookstove-related activities and trying to improve the cookstoves are Bangladesh Energy Research Council, Bangladesh University of Engineering and Technology, Grameen Shakti, German Development Cooperation, Village Education Resource Centre, Bangladesh Council for Scientific and Industrial Research, Building Resources Across Communities, and Bright Green Foundry.
Biomass stoves in China
Most people living in rural areas of China depend on biomass for cooking and space heating. The widespread use of inefficient biomass stoves for cooking and heating in China’s rural areas generates natural and ecological problems; as a result, the Chinese government encouraged the spread of the ICS in 1982. From 1982 to 1994, those ICS were utilized by 144 million household units or around 90% of every improved stove introduced in total which was 62% of the Chinese market (Qiu et al., 1996). However, about 95% of the rural population in China uses wood, coal, and other biomass for cooking and heating resulting in a huge amount of PM2.5 emissions (Bruce et al., 2015; Qu et al., 2015). In this principle, China is focusing on improving biomass stoves for cooking, heating, and low-pressure boilers, thereby constricting high-quality stove testing laboratories (Ahmad et al., 2019). The Key Laboratory of Clean Production and Utilization of Renewable Energy (CPURE), China Agricultural University, Beijing, has constructed a well-designed and modern stove testing lab. The testing system by the laboratory of the CPURE for stoves is shown in Figure 13. Ahmed et al. conducted an experimental study to investigate the performance of the ICS for cooking and heating compared with the TCS by using the testing system for the laboratory of CPURE from viewpoints of thermal and emission efficiency. The authors concluded that the ICS achieved thermal efficiency of 69.6 ± 0.8%, and the lowest emissions of PM2.5 2.9 ± 1.0 mg/MJNET and CO 2.4 ± 0.3 g/MJNET (Ahmad et al., 2021b). Results of the study concluded that utilization of the ICS could result in significant reductions of PM2.5 and CO emissions for a household. The information regarding stove testing and modern lab instruments would be beneficial to other Asian developing countries.
[image: Figure 13]FIGURE 13 | Testing system by the laboratory of Clean Production and Utilization of Renewable Energy (CPURE).
Biomass stoves in India
In India, biomass fuels such as wood, crop residues, and animal dung remain the most common source of cooking energy. About 90% of rural households utilized biomass fuel for cooking purposes (Venkataraman et al., 2010). In rural areas, access to modern cooking fuels ranged from 0% for the lowest-income households to 43% for highest-income households (Sinha, 2002). Despite ICS programs like NPIC, and NBCI in the country, a significant portion is still relying on the TCS. Women are the primary users of stoves, but they are frequently excluded from household purchasing decisions, among other decision-making. Improved cookstoves can significantly raise the value of life and the possibilities for women’s future life. Mukhopadhyay et al. did an exploratory study to investigate the improved cookstoves (Phillips and Oorja) performance in Haryana as compared to the TCS in perspective of cooking practice, PM2.5, and CO emissions. The authors considered thirty-two participating households, and they concluded that the participants were satisfied with Phillips cookstove as it meets the local criteria for usability and emission (Mukhopadhyay et al., 2012). Gupta et al. utilized a practical evaluation approach to compare the performance of TCS and ICS which involve Greenway, Envirofit, and Onil with newly designed natural draft ICS from perceptions of multifuel usage, user-friendliness, emissions, and thermal efficiency. The authors found that using solid fuels with a larger energy content in ICS may result in higher efficiency, but it would also result in much higher emissions. The newly designed natural draft ICS attained better performance than TCS and other commercial ICS with a 75% decline in PM2.5 and 63% drop in CO concentrations, respectively. The thermal efficiency of newly designed natural draft ICS achieved a significant increase of 106% from TCS (Gupta et al., 2020). Similarly, Suresh et al., did an experimental study to investigate the performance of two natural draft, and one forced draft ICS as compared to TCS in the preparation of a specific meal using a variety of solid biomass fuels (e.g., fuel wood, dung cake, and crop residue). The study was conducted in Indian rural kitchen, and performance was explored based on emissions and thermal efficiency. The authors found that force draft ICS concentration of PM2.5 and CO were reduced by 21–57%, and 30–74%, respectively as compared to TCS. The thermal efficiency of force draft ICS of 30–35% was found as compared to TCS of 15–17%.
Despite such improvement, the industry is still facing difficulty and government policy has yet to concentrate on market-based solutions in the stove area. The organizations involved in cookstove-related research activities are the Center for Rural Development and Technology, Indian Institute of Technology, The Energy and Resources Institute, Maharana Pratap University of Agriculture and Technology, and Tamil Nadu Agricultural University.
Biomass stoves in Mongolia
Ulaanbaatar is one of the coldest capital cities in the world, with an average low temperature of −20°C. Heating is essential in these conditions, and heat in Ulaanbaatar is generated mostly by coal burning. The ger districts, located on the outer edge of Ulaanbaatar, include between 80,000 and 100,000 additional families that use individual coal stoves for heating and cooking (World Bank, 2014). Because of insufficient coal burning in low-efficiency metal stoves, polluting gases and dust are released, affecting both the interiors of the tents and the overall air quality of the city (Pemberton-pigott, 2006). Mongolia’s largest market, Ulaanbaatar, obtained a very high penetration of improved stoves in a very short period of time. Mongolia’s clean stove endeavor, with its unique problems and near-term success story, has the potential to greatly contribute to the international body of knowledge in the development of cleaner cookstoves. The Mongolian Government and Ulaanbaatar Municipality have developed a multi-year, multi-sector strategy to enhance the air quality in Ulaanbaatar, which includes reducing emissions from heating and cooking (World Bank, 2014).
Pemberton-Pigott et al. developed a low-smoke Mongolian coal stove, and experimentally investigated the performance of the developed natural draft chimney improved stove. The author found about a 99% reduction in PM2.5, and a 90% reduction in CO by utilizing a natural draft chimney improved stove (Pemberton-pigott, 2006). Mongolian households must be persuaded to move permanently to the ICS which will necessitate a multi-year, coordinated set of policies and programs. In Mongolia, cookstove research is being carried out by the Desert Research Institute Reno, and the National University of Mongolia.
Biomass stoves in Nepal
In Nepal, 69% of the country’s population relies on solid biomass (wood, cattle manure, agricultural waste) and 75% of people rely on TCS for cooking and heating (Paudel et al., 2021). In rural areas, high amounts of indoor smoke have been reported in kitchens utilizing (TCS). These emissions are responsible for >18,000 deaths in Nepal (Davidson et al., 1986; Reid et al., 1986; Rupakheti et al., 2019). The ICS are more energy-efficient than previous kitchen ranges and do not pollute the air within the home. In Nepal, efforts to improve the efficiency of stoves are not new. Early initiatives, from the 1950s–1980s, and new initiatives, which began in the 1990s with new stove models that could be built with inexpensive, readily available materials and appropriate methodology from the top-down, were scattered until 1998. The ICS program on a national basis has been started in mid-1999 with the help of the Energy Sector Assistance Program. The point was to set up a reasonable structure and system for making ICS technologically accessible and socially suitable for rural people in the light of the limits of the local societies, and income production (Robinson et al., 2021). The rural energy policy of 2006 attempted to address the ICS to implement economic activities that would help overcome the aforementioned issues and to alleviate poverty. Similarly, the 3-year provisional plan has established a goal of installing 3,00,000 ICS throughout the country’s mid-hill and high-hilly regions, to reduce deforestation and the negative impact on the environment (Bhattarai, 2009).
The mud stove is the most well-known ICS, as it is simple, inexpensive, and can be built with locally available materials. In Nepal, several mud ICS designs have been created (Nienhuys, 2005). The Nepal Alliance for Clean Cookstoves is a collaboration of groups working on renewable clean cooking technology, such as improved cookstoves. Alternative Energy Promotion Center, Agricultural Engineering Division-Nepal Agricultural Research Council, Rural Energy Development Program, Biogas Support Program/Nepal (BSP/N) BSP Nepal, Center for Rural Technology/Nepal, Center for Energy Studies, and the National Academy of Science and Technology are the organizations involved in biomass cookstoves-related activities.
Biomass stoves in Pakistan
In Pakistan, about 63% of the population live in rural areas and cook using TCS. About 72% of the population relies on solid biomass for cooking and heating in the country (Irfan et al., 2020). Solid biomass comprises 63% wood, 21% animal dung, and 16% crop residue and has been used by most of nearly 20 million rural households in Pakistan for cooking and heating through inefficient stoves resulting in 115,000 premature deaths (Mahmood, 2007; Saghir et al., 2019; Tareen et al., 2020). Some NGOs working in different regions of Pakistan have begun interventions to disseminate improved cookstoves in their project areas in order to decrease the social, economic, environmental, and health concerns connected with the use of TCS. A Pak–Swiss collaboration called Kalam Integrated Development Project (KIDP) started one such program in Swat in the early 1990s. However, the operations of KIDP terminated in Swat in 1998 due to a variety of socio-political, financial, and institutional factors. Nonetheless, a few local manufacturers continue to make upgraded cookstoves known as project stoves in the area. In this regard, scientific approaches have been used to improve the performance of cookstoves in the last several decades, and various varieties of ICS have been introduced and disseminated in rural parts of Pakistan (Qaseem et al., 2005). Harijan and Uqaili reported that the ICS has fuel (biomass) saving of 14.5 million tonnes. The ICS has efficiencies of 20–40% and can save roughly 40–50% of the fuel used by the TCS. The ICS has several advantages, including the conservation of biomass fuel, the reduction/removal of indoor air pollutants from kitchens, the reduction of deforestation and environmental degradation, the reduction of the drudgery of tasks performed by women and girls, and the reduction of health risks associated with IAP exposure (Harijan and Uqaili, 2013).
The institutes such as the Pakistan Council of Renewable Energy Technology, and the Alternative Energy Development Board are involved in cookstove research in Pakistan. A few NGOs working in different parts of Pakistan have been forced to intercessions to disseminate improved cookstoves in their target areas (January 2012). The Aga Khan Development Network in Pakistan aims to improve human satisfaction in all provinces of Pakistan. Regardless of the Building and Construction Improvement Initiative program, its cost away at water supply, sanitation, minimal effort lodging, and disaster hazard decreasing US$1 = PKR 165.53 (Pakistan rupees, in October 2020). Typically installed prices for products which are involving efficient stove PKR 4,303 (US$26), efficient stove + water-warming facility PKR 8,275 (US$50), roof hatch window PKR 7,778 (US$47), floor insulation PKR 215 (US$1.3) per square meter, wall insulation is PKR 4940 (US$7.6) per square meter (Nienhuys, 2000).
Biomass stoves in Sri Lanka
About 78% of Sri Lankan households utilize biomass fuel for cooking, and the country’s strong reliance on wood-burning stoves is the largest source of (IAP) (Elledge et al., 2012). About 84% of these households are in rural areas of the country. Even in urban areas, over 34% of the population uses wood as their main fuel source. However, while more than 80% of Sri Lankan households have electricity, it is used primarily for lighting, and wood is used for cooking (Elledge et al., 2012). According to a recent analysis by the Energy Conservation Fund, there are three types of stoves are used in the rural areas of the country, these stove types include TSF, partial-confined, and ICS having the contribution of 47%, 32%, and 21% respectively. Similarly in rural areas, the contribution of three types of stoves is about 56%, 31%, and 13%, respectively (Perera and Sugathapala, 2002).
Since 1972, various institutes in Sri Lanka have contributed to the design, promotion, and commercialization of improved cookstoves. The Sri Lanka Standard Institute distributed two-pot biomass clay cookstoves, which are for improved cook stoves resulting in a reduction of smoke (Sirikumara, 2018). The National Engineering Research & Development Centre of Sri Lanka introduced two types of more efficient wood gasifier stoves: one is a forced draft stove with a small electrically operated blower connected to it, and the other is a natural draft stove with a combustion efficiency of around 35%, compared to the TCS (Joseph, 2011; Musafer, 2013). The institutes like the Sri Lanka Sustainable Energy Authority and the National Institutes of Fundamental Studies are involved in cookstove research in Sri Lanka.
Biomass stoves in Laos
In Laos, about 91% of people continue to cook and heat using solid biomass and TCS, with fuelwood at 67% and charcoal at 24% being the most common sources of fuel. On average, a family in Laos consumes 5 kg of fuelwood each day for cooking, which amounts to almost 2 million tonnes per year. Families that use charcoal consume approximately 1.86 kg per day in rural regions and 2.33 kg per day in urban areas; however, it takes up to 6–10 kg of wood to make 1 kg of charcoal, making it a much larger contributor to emissions and health risks (World Bank, 2013). The use of sophisticated cooking energy sources such as liquefied petroleum gas and electricity is quite limited in Laos, therefore dependent on solid biomass (Dave and Balasundaram, 2016). Since 2012, the Lao Institute for Renewable Energy is working to promote more efficient means of biomass use through skilled design programs (efficient cookstoves), policy and marketing research, and development of solid renewable fuel. The Group for the Environment, Renewable Energy, and Solidarity (GERES) developed a new cookstove, the New Lao Stove (NLS), that uses 22% less wood and charcoal than the TCS. In the country, there are 36 NLS production centers that produce 30,000 stoves per month for local markets. The GERES′ support program, as well as its collaboration with producers and distributors, enable capacity building, monitoring, and quality control of the products. By December 2011, sales of the New Lao Stove had surpassed expectations, with 1,607,283 units sold (Dave and Balasundaram, 2016; Baltruschat, 2019). The institutes involved in cookstoves are the research institute of Laos, the Lao Institute for Renewable Energy, and the National Institute of Public Health.
STOVE EFFICIENCY AND EMISSIONS COMPARISON BETWEEN ASIAN COUNTRIES
Stove efficiency is measuring the heat transfer to the cooking pot as a fraction of the calorific value of input biomass. The TCS have low thermal efficiency of less than 10%, and emissions are different according to the operation of the stoves. The principle of analyzing emissions from the combustion process is used to compute emission factors. By multiplying the amount of a specific biomass fuel utilized in the energy system by the comparable emission factors, the total amount of different pollutants emitted by the system may be computed. Different aspects of the combustion process, such as the kind and design of the stove, the type of fuel used, and the operating conditions, all have a significant impact on the emission factors (Arora et al., 2014). According to a different analysis of the research, China is performing better from viewpoint of the ICS than other Asian countries. Many organizations and institutes are working on improving and testing stoves. In China, producers must obtain a certificate from a recognized stove testing facility to certify their new stove design. The stove testing labs examine new stove designs according to their standards; if the stove passes the lab testing requirements, the institute issues a certificate, and the manufacturers then enable the stove to be sold on the market. If a stove fails to pass the lab testing criteria, the manufacturer will not sell it. Many ministries and organizations in India are working on the ICS, and they are doing a better job than those in other Asian countries. In Pakistan, the thermal efficiency of the ICS is about 20–40% and particulate matter (PM) levels in the kitchen ranged from 4,000 to 8,555 g/m3 but utilizing the ICS with improved solid fuel contributed a range of 200 g/m3 to 5,000 g/m3 (Fatmi et al., 2010; Harijan and Uqaili, 2013). Table 4 shows the types of fuel and stoves used with their thermal efficiencies and emission rate for selected Asian countries.
TABLE 4 | Thermal efficiency and emissions comparison of TCS and ICS between some Asian countries.
[image: Table 4]BARRIERS TO DISSEMINATION OF IMPROVED BIOMASS COOKSTOVES
The ICSs are broadly advertised as a technology that improves the environment and health, however, there remains a huge space among their presumed profit and vague effect of most contributions largely fail to achieve their stated aims. Furthermore, the lack of adequate awareness of customer needs such as convenient operation, purchasing capability, unpredictable earnings in rural areas, and the limited facility development of marketplaces and stove designers generate the distribution agreement (Pampallona and Bollini, 2014). Most of the ICS projects in developing countries appear to be heavily focused on excellent designs from a production and design perspective, as well as improving industrial manufacturing procedures (Brown et al., 2017). Initially, the stoves were distributed, and their contribution was hardly measured after the operators in the model characteristic. As a result, they were either not used by customers or were unfit for genuine cooking (Lindgren, 2020). According to the research of several projects, the most common mutual complaint among stove operators is “stove size too small and not suited for all vessels."
In a typical case of fuel gathering, numerous Indian families associated with the LPG primarily employ wood-based cookstoves, mainly for bread baking, the alleged good flavor of the meal, and, to some extent, economic concerns. LPG is only used carefully for quick cooking, such as making tea (Palit and Bhattacharyya, 2014). Furthermore, wood savings appear to have low application in rural areas, owing to their easy supply from farmsteads, agricultural lands, or forests. The additional key barrier is the lack of statistics and information about cookstove acceptability. If progress is to be stopped in changing trends, a significant study is required to support evidence-based action/policy. To overcome these barriers, the ICS distribution could be attractive, and the market potential for clean cooking fuels and skills will not be understated. However, the marketplaces should be separated according to revenue, as there are numerous misstatements in both traditional and modern fuels (Vahlne and Ahlgren, 2014).
CONCLUSION
The present review was conducted to evaluate the current scenario of biomass cooking and heating stoves in Asian countries including Bangladesh, China, India, Mongolia, Nepal, Pakistan, Sri Lanka, and Laos. The major portion of the population in Asian countries is dependent on biomass for cooking and heating purposes. The TCS utilized by these countries has several limitations which involve emissions of CO2, PM2.5, low thermal efficiency, and greater fuel consumption. Due to these emissions, the IAP causes several health risks. After going through various research conducted on ICS in Asia, we found that the ICS has better thermal efficiency and emissions performance, and thereby fewer health risks. China’s status regarding ICS was found better as compared to other Asian countries. However, we found different barriers in the dissemination of the ICS among the Asian countries such as financial, infrastructure, awareness, market, stove size, and socioeconomic. Therefore, these barriers should be the focus of the research community. In addition, the following guidelines have been suggested for future research focus:
•It is necessary to manufacture high-quality, well-designed, standardized, and cost-effective stoves that are easy to sell and service.
•The cookstoves should be constructed considering the needs of consumers as well as their purchasing power.
•Workshops, schemes, and training programs should be used to encourage the adoption of improved cookstoves.
•For the successful promotion of cookstoves, collaboration between research institutes and support groups should be encouraged.
•The government should support the development of new cookstove designs by providing financing services to stove makers and establishing specialized criteria.
•Before the introduction and after installation in the fields, proper procedures should be created for the frequent evaluation of various cookstove types.
•All stove manufacturers should have an authentic stove testing department to confirm its design, quality, heating, and emission performance.
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History of Cookstoves Objectives Benefits Limitations References

Time o “Archetypal” stove, which s today’s “traditional ® Render food into a more digestible ~ ® Protection against large animals ~® Dispersion of the flames and heat  (Bronowski, 1973
immemorial- stove” or “three stone fire (TSF)," has remained  form and insects. ® Food preservation  duringwindy conditions. ® Alack of  Energy Developm
1950 unchanged for over 12,000 years. ® The TSF and providing heat during the proper control over the fire, and Germann, 19

The Recent Past
(1950-2000)

The New
Millennium
(2000-t0 date)

dominated for thousands of years, up to the 18th
century in Europe and Asian countries

© The initial phase of the ICS in India began in the
early 1950 with technological initatives. @ The
oil crisis of the 1970s induced the second phase
of the ICS development. ® The Indian National
Programme on Improved Chulhas (NPIC)
began as a demonstration initiative in 1983 and
was expanded t0. full-fledged program in 1985.
© The “World's biggest publicly financed project
to improve stoves,” the Chinese National
Improved Stoves Programme (CNISP) between
1982 and 1992. @ The 3rd phase of the ICS began
at the start of the 19905

#; In 2002, the “US Environmental Protect
Agency” launched the “Partnership for Clean
Indoor Air” at the “World Summit on
Sustainable Development” in Johannesburg #;
In February 2008, the “Clean Development
Mechanism" (CDM) revised the programmatic
guidelines to include caokstove programs i
their agenda under “smaller decentralized
projects”. #; In December 2009, the
Government of India launched the “National
Biomass Cookstove Initiative” (NBCI) for the
1CS. #; In September 2010, the US Department
of State, and the Environmental Protection
Agency assisted in the launch of “The Global
Alliance for Clean Cookstoves” in New York. #;
In May 2013, Bangladesh’s Infrastructure
Development Company Limited in partnership
with the world bank was began. ®; Between
2015 and 2020, Efficient, Clean Cooking and
Heating program contribute to the clean
cooking agenda

* o improve design of biomass fired
cookstoves in many Indian
kitchens. » To achieve fuel reserves,
increasing eficencies, and reducing
smoke exposure. ® The
development of more than 60 stove
designs and distribution of over
35 million stoves. ® To provide
‘more effcient biomass burners and,
eventually, improved coal stoves for
cooking and heating in rural
communities.  To contemplate the
customers regarded factors like
cooking comfort, smoke-free
Kitchens, stove safety, and fuel
savings

* o address the environmental
health risk posed by people using
traditional biomass fuels indoors.
 To provide clean cooking and fuel
savings. #"To achieve the quality of
energy services from cookstoves
comparable to that from other clean
energy sources such as LPG”. # To
create a worldwide market for
energy and carbon-efficient
cookstoves in order to address a
variety of concems related to their
use. ® To distribute ICS. ® To
distribute ICS particularly in the
developing countries

cold seasons

© Reduction in health hazards and
pollutants emissions ® Significant
reduction in fuel usage by the
cookstoves. ® About 14 cookstove:
projects have been registered with
CDM as “Programs of Acti
as of May 2013, # 100 mil
families adopt clean and efficient
stoves and fuels by 2020. ® One
million ICS was distributed
throughout the country. ® 20%
reduction in PMy 5 ® 90%
reduction in CO. ® About
44 million people gain access to
the ICS. # 90% reduction in PMys

exposure to heat and smoke as well
as fire hazards

© In the carly 1980, scentific
research and development of the
CS was zero. ® Socioeconomic as
well s cultural aspects of the
cooking were missing because of
lack of long-term development
aims, and appropriate local
manpower development. ® The
NPIC has not been practical or
successful in pushing a fundamental
switch to improved stoves in India
over the long term. ® Between the
19805 and the early 19905, stove
‘programs were not much successful.
» Apart from Karnataka, al states
have been unable to launch
programs due 10 a lack of central
‘government support and money

© N/A. @ Despite all attempts to
enhance access to cooking energy
more than half of the world's
population continues to cook with
solid fuels and traditional biomass.
 Lack of information on real field
performance, usage rates, fucl
sensitivity, fuel processing
requirements, or lifetimes.
 Limited access to modern fuels for
cooking in developing countries.
 Limited access to ICS in rural
areas. ® Less adoption of new
technology

(Samuel, 1987; Sr
etal, 1993; Hanb
Kishore and Ram
and Francisco, 20

Bailis et al. 2009;
Greenglass and S
and Ramana, 200
2009; Smith and

Venkataraman et
Bank, 2020, 2018
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Stove type

Flat bottom institutional
cookstove

Gasifier stove combined with
heat exchanger

Rocket stove

Mud stove with chimney

Shielded Fire

Enclosed Stove

Open Fire

Model characteristics

Description: analyze the performance of a Flat bottom Institutional Cookstove,
water boiling test experiment used to test the stove power and efficiency followed
with CFD using ANSYS Fluent simulations

Statistical model: model is used to analyze the power, efficiency, and water
temperatures. reduced computational cost without compromising the accuracy of
the numerical solution

Description: formulated model volume is a combination of cylindrical gasifier and
heat exchanger tube

Combustion model: CED analysis was performed using an n-premixed combustion
model

Description: A two-dimensional (2-D) FLUENT model is used to save the
computational time

Combustion model: there is no premixing of fuel and air in the combustion
chamber, a non-premixed combustion model was used in FLUENT

Algebraic heat and mass transfer model: CFD analysis of firepower with indoor air
pollution variation

Description: heat source is simulated in the flame zone of the CFD model

Heat transfer efficiency: CED analysis of different zones in the stove and optimize
heat transfer efficiency of the stove

Description: CED analysis of flow and temperature in pot shield to determine the
optimal gap

Packed bed model: no separate packed bed model

Gas phase combustion model: no separate gas phase combustion model

Heat transfer model: CFD analysis of heat transfer within pot shield with inputs
determined experimentally from an LPG burner

Description: Modeled flow conditions from a given heat source to optimize the
angle of baffle under the pot

Packed bed model: no separate packed bed model

Gas phase combustion model:
transfer model: CED to opti

0 separate gas phase combustion model Heat
baffle angle

Description: A coupled zonal model to predict temperature, plume width, and
velocity for varying firepower, excess air, and volatile fraction

Packed Bed Model: Conservation of energy for a control volume with given
firepower and volatile fraction

Gas phase combustion model: Differential conservation equations including
reacting flow with air entrainment

Heat transfer model: Local convective heat transfer correlations for bottom and
sides of the pot, blackbody radiation with nonparticipating media

Validation

Quantitative and qualitative
experimental

Experimental

Experimental

Experimental

Experimental

None

Quantitative and qualitative
experimental
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Classification of Stoves Popular Types Advantages Disadvantages Pictorial view Reterences

of Stoves
Classification based  Three stone fire Not available esimple design, eHigh fuel consumption, Chagunda et al, 2017 Jetter and
on the use of #No special material, tools, and  #High CO and PMy. emissions, Kariher, 2009
echnology skl are required for  Low thermal effciency of about 20%
construction,
No cost
Chagunda et al, 2017
Builtin stove Chullah, eSimple and casy design. eIncomplete combustion. Bruc et al, 2013; MacCarty et al,
Angithi, eLess radiaion loss due to High CO and PM, ; emi 20105 Mukhopadyay et al, 2012
*Haroo enclosed fire Low thermal effciency of
eLess fuel consumption about 29%
Direct combustion or  StoveTec, eBetter thermal eficiency, #Wood must be extremely dry and MacCarty et al 2008; MacCarty
Rocket stove. Feed Fan Stove,  #Less CO emissions of about 86% as thin, 20105 Oliver, 2014; Teshome et al.
#Gusto Wood Flame Stove compared to traditional  ®Requires much maintenance 2020
stoves,

eLess fuel consumption

Teshome et al, 2020

Gasifierfforced draft  ®Turbo Stove, *Quickly heated, Economically unaffordable, Coulson and Ferrari, 2019; Jeter
stove Phillps Stove, eLighter weight, oSlow to ignite, etal, 2012 Reed et al, 2008
0orja Stove, High thermal effciency of about  eFuel specific
*Champion Stove, 84% as compared to
Vesto Stove, traditional stoves,
eKarve Stove, eLow CO emissions
Sampada

Coulson and Ferrar, 2019

Classification based ~ Mud stove Anagi, Inexpensive, Prone to insects and weather Barnes et al, 2012; Kishore and
on construction elmproved clay stove,  eLess fuel consumption damage, Ramana, 2002; Ochieng et al 2013
materials Rocket mud stove, Rahman, 2015

Mud stove by Escorts Seed high maintenance,
Foundation, eLess lfe span of sbout 2 years only

Parvati

Ochieng et al, 2013

Ceramic stove *Mogogo. Burn at high temperature. Costly and more diffcult to Beyene and Koch, 2013; Chan etal
Macndaleo. construct than a mud stove. 2015; Clough, 2012
eLakech charcoal stove.  ®Better durabilty. ‘@Need high maintenance.
Gyapa. eBetter insulation eLimited flexibiliy for different pot
New Lo stove. szes
Uhai.
Ceranic Jiko

Chan etal, 2015

Metalic stove Bukhari, *Quick heating, Prone o corrosion. Jetter and Kariher, 2009; Lambe,
eVesto. eRisk of burns. and Atteridge, 2012; Tryner et al.
oLighter weight High cost 214
ePhilips Natural Draft Stove ePortable
HD4008. @Needs ltle maintenance
Viknam, P
Harsha,
oMagh -

Tryner et al, 2014

Cement stove  eLaxmi. easy installation eHigh fuel consumption. Beyene and Koch, 2013
ehstra Simple design. #High CO and PMy emissions. Bhattacharya et al 2002
epria eLow Cost Low thermal efficiency of
eirt about 11%
oRoivet
Bhattacharya et al, 2002
Hybrid stove ePhilips Power Stove  Durable. eHigh cost. (etterand Kariher, 2009; MacCarty
HDA0I2.  #Provide cleaner burn. #Prone to corrosion N, 2010; Mukunda et al 2010)
<Oora oLess smoke emission !
eSide Feed Fan Stove B
(Mukunda et al, 2010)
Classificaton based  Chimney stove st eBetter combustion. eHigh cost. Jetter and Kariher, 20095 Shastri
on chimney *Uganda 2-pot. eReduced IAP. Blockage of chimney. etal, 2002
ePatsari. «Greater emissions from the kitchen  #High fuel consumption
ousta. of about 9%
eEcostove Jetter
<onil
and Kariher, 2009
Classificaon based  Portabe stove Uthaao challsh *Quickly heated. Not effcent in harsh weather. Mukhopadhyay et al. 2012; Urmes
on portability Gasiier stove. eLighter weight Could not use in fire ban areas. and Gyamii, 2014
*Rocket stove *High emissions
Urmee
and Gyam, 2014
Fixed stove Abhinay. eReduce AP about 67% Low thermal efficency of about Jetter and Kariher, 2009; Regional
eAkash. eLes fuel consumption. 20% Wood Energy Devclopment, 1993
Aok, eBetter combustion oNeed high maintenance Urmee and Gyamfi, 2014
Uganda 2-pot. #Take more time 1o cook
ePatar
“Griblaxmi
<onil

Urmee and Gyamfi, 2014
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Country

China

Mongolia

Bangladesh
India
Nepal
Pakistan
Sri Lanka

Laos

Type
of
Fuel

Solid
fuels

Coal

Wood
Wood
‘Wood
Wood
Wood

Wood

Types of
Stoves

TCS/Traditional Chinese stove with
chimney

ICS/combined with cooking and heating

TCS/traditional Baseline Mongolian stove
with chimney

ICS/combined with cooking and heating
TCS/three stone fire
1CS/cooking
TCS/three stone fire
ICS/cooking
TCS/three stone fire
ICS/cooking
TCS/three stone fire
1CS/cooking
TCS/three stone fire
ICS/cooking
TCS/three stone fire
1CS/cooking

Thermal
Efficiency
(%)

<10

27-35
63

<10
232
<10
24-26
105
15
<10
15-22
>10
30

27

Emission

PM, 5 (mg/
MJner)

0265

12-43
0388

04

0792
0683
299
1.17-3.47
13-14

12

CO (mg/
MJner)

0033

01
8.16

053
00128
0.005

07
19-443
10.5-113
131

136
301
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