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Introduction: Indoor air pollution occurs in a microenvironment such as residential homes, closed working places, or industries in which people spend a large part of their time. Cooking or baking food in traditional or open three-stone cookstoves by using firewood is the cause for kitchen-related smoke indoor air pollution and deforestation. Modifying traditional firewood cookstoves could reduce the emissions of indoor air pollutants. The objective of the present study was to determine the effect of firewood cookstove types on indoor air pollution, emission reduction, and deforestation in selected rural houses of Bure, Ameya, and Dalocha woredas (districts) of Ethiopia.Methods: Indoor air pollutants such as carbonmonoxide (CO), carbon dioxide (CO2), sulfurdioxide (SO2), and particulate matters (PMs) were measured in three replicates for 3 min. within an average cooking time of 1 h using an automatic gas sensor. The amount of wood was separately measured by using graduated weight balance (0.1 gm).Results and discussion: The cooking place was mostly the same room as the sleeping place without a separate kitchen. The improved cookstoves were installed without a chimney (smokeoutlet) and with wider spaces left for a firewood inlet. In improved Injera baking cookstoves, the mean emission of CO was 1004.80 mg/m3, 33.00 mg/m3, and 53.85 mg/m3 in Bure, Ameya, and Dalocha woredas, respectively, which were lower than the emissions from open cookstoves. The mean concentration of PM2.5 in open cookstoves in Bure, Ameya, and Dalocha woredaswas 124.50 mg/m3, 0.53 mg/m3, and 0.04 mg/m3, respectively, which are higher than the emission from improved stoves. In Bure woreda households, the CO exposure was above 26 times the permissible limit of WHO standards. Biomass consumption was positively correlated with the moisture content of wood (p < 0.05). Improved cookstoves reduced indoor air pollution by 13%–81% and carbon emission and deforestation by 20%–41% when compared with the open three-stone cookstoves. Indoor air pollutants are risks to health and cause climate change problems. Therefore, awareness should be created on the health effects of firewood smoke indoor air pollution, ventilation of cooking places, and installation of chimneys with improved cookstoves.Keywords: chimney, fuel inlet, indoor pollution, separate kitchen, emission and ventilation
1 INTRODUCTION
Indoor air pollution (IAP) occurs in a microenvironment such as residential homes, closed working places, or industries in which people spend a large part of their time. Indoor air pollutions are caused by exposure to pollutants generated outdoors that penetrate the indoor environment and also by pollutants produced indoors, for example, as a result of space heating, cooking, and other indoor activities or emitted from products used indoors (WHO, 2010). Human beings are exposed to air pollutants both outdoors and indoors in the absence of a continuous supply of free and acceptable-quality air, approximately 10–20 m3 per day. While air pollution occurs in an outdoor urban environment due to vehicle transport, industrial emission, waste disposal, rural areas also face smoke air pollutants emitted from burning solid fuel in open stoves (Theuri, 2009). Since people generally spend 80%–90% of their time indoors, the pollution in indoor air is more severe than that outdoors, where there is a high rate of indoor emission such as firewood smoke (Huang et al., 2022; Yang et al., 2021). Indoor air pollution in residential houses can be caused by the smoke due to the incomplete combustion of solid biomass fuels, such as charcoal, wood, crop residues, and animal dung inside rooms without a chimney (smoke outlet from the cooking area) (WHO, 2011; Huboyo et al., 2014). The combustion of solid biomass fuels in unventilated and narrow homes emits harmful smoke as IAP that causes serious injuries from scalding, burns, and poisoning and creates over 65,000 premature deaths and more than 3.1 million disability-adjusted life–years per year (Sanbata et al., 2014; WHO, 2018). Therefore, kitchen-related indoor air pollution is a major environmental and health hazard (WHO, 2018). The World Bank reported that indoor air pollution is one of the most critical environmental problems in developing countries (Carter, 1998; Mac, 2009). Annually, 0.5 million deaths were estimated in the world from outdoor pollution, while 2.2–4.0 million deaths were estimated from indoor air pollution (GACCS, 2014). The emissions contain many of the toxins found in tobacco smoke caused by incomplete combustion (Smith et al., 2000; Alemayehu, 2011) including coarse, fine, and ultrafine particulate matter (PM); carbon monoxide (CO); oxides of nitrogen and sulfur; methane (CH4); fluorinated gases; tropospheric ozone; soot; black carbon; volatile organic compounds; aromatic hydrocarbons; and polycyclic aromatic hydrocarbons (PAHs) such as benzo[a]pyrene, formaldehyde, bio-aerosols, oxygenated organics, hydrocarbons, chlorinated organics, transition metals, free radicals, and butadiene that pose health hazards (Smith et al., 2000; Naeher et al., 2007; Alemayehu, 2011; Lin et al., 2016; WHO, 2016). The particulate matter component of indoor pollutant smoke is classified according to its size, with inhalable material <2.5 μm and <10 μm in aerodynamic diameter referred to as PM2.5 and PM10, respectively. Although both PM10 and PM2.5 cause serious health impacts, particles in air with 2.5 μm of diameter or smaller (PM2.5) are better predictors of health effects than particles up to 10 μm in diameter (PM10) (Wang et al., 2023a). Generally, smoke from wood burning contains 17 substances designated as priority pollutants by USEPA (2002) because of their toxicity observed in animal studies, up to 14 carcinogenic compounds, 6 cilia-toxic and mucus-coagulating agents, and 4 co-carcinogenic or cancer-promoting agents (Smith and Liu, 1994). These gases and particulate matters with short life span contribute to climate change (USDOE, 2011). The use of improved cookstoves with chimneys can reduce indoor air pollution by 70% (Perez-Padilla et al., 2010) and wastage of wood by up to 54% of the wood when compared with three-point open-fire cookstoves (Kedir et al., 2019; Adane et al., 2021; Phillip et al., 2023). Since solid fuels are cheaper than gas and electricity, they are used more frequently in poor urban and rural households and are probably the main source of indoor air pollution (Schwela, 1997). The number of people in the family who are more exposed to indoor air pollution is greater in the developing countries because the indoor pollutants account for 76% of the global particulate matter-related indoor air pollution (Smith et al., 2005).
The lack of ventilation in homes that use biomass fuels and the poor design of stoves that do not have chimneys to expel smoke out of the living area exacerbate the adverse health effects of indoor air pollution generated by products of incomplete combustion (Naeher et al., 2007; Lin et al., 2016; Du et al., 2017). The amount of indoor air pollutants also varies with the type of the fuel used and among biomass fuels. According to Smith et al. (2005), among the biomass energy sources, compared with liquid petroleum gas (LPG), the highest amount of particulate matter is emitted by crop residues, and the lowest from biogas. Dung emits the greatest amount of carbon monoxide.
The air pollutant gases emitted during fuel combustion, such as CO, carbon dioxide (CO2), sulfur dioxide (SO2), and PM, are harmful because of their characteristics. CO is a colorless, odorless, tasteless, and poisonous gas created due to the incomplete combustion of carbonaceous fuels such as wood, petrol, coal, natural gas, propane, gasoline, and kerosene. Other potential CO sources are cloth dryers (gas), water heaters, furnaces and boilers, fireplaces, gas stoves, cars, grills, generators, and power tools. It is only slightly soluble in water, blood serum, and plasma. Hazardous concentrations of CO can accumulate indoors and cause illness before the realization of being poisoned. Symptoms of CO poisoning are very similar to those of flu, which may cause us to ignore its early signs including headache, breathlessness with mild exercise, dizziness, fatigue, and nausea. The symptoms may grow to confusion and irritability, impaired judgment and loss of coordination, and unconsciousness. All exposed people can become sick and die from CO poisoning when exposed to very high levels. However, CO poisoning can be prevented by installing a CO detector in homes and going outside whenever the symptoms or signs are felt (DoH, 2017).
CO2 is a colorless and odorless gas. It is produced both naturally and through human activities, such as burning gasoline, coal, oil, and wood. The outdoor concentration of CO2 can vary from 629.86 to 719.84 mg/m3 or higher. The indoor CO2 level depends on the number of people present, the duration of time for which an area is occupied, the amount of outdoor fresh air entering the area, the size of the room, and presence of contaminants in the indoor air. The indoor CO2 concentration varies from several hundred mg/m3 to over 1,000 mg/m3 (https://www.health.state.mn.us/communities/environment/air/toxins/co2.html).
SO2 is another colorless gas with a sharp odor and is non-combustible, toxic, and readily soluble in water. Sulfur dioxide is produced by fuel combustion (especially high-sulfur coal); electric utilities and industrial processes; and natural sources such as volcanoes (WHO, 2018).
PMs are a generic class of contaminants that contain solid or liquid particles suspended in the air independently of the composition (Bell and Samet, 2005). The particles are derived from various sources including traffic, biomass burning, waste incineration, and industrial processes (Schwarze et al., 2006). These airborne particles vary in size and composition, including gaseous pollutants, sulfate and nitrate ions, condensed acid, soil dust, soot, ash, mold, and pollen (Kajekar, 2007). The aerodynamic properties of particles determine how the particles are transported and removed from the air, their deposition in the respiratory system, and their chemical composition and source (Tasic et al., 2006). PMs are formed through chemical reactions; fuel combustion (e.g., burning coal, wood, and diesel); industrial processes; agriculture (plowing and field burning); and unpaved roads.
The most commonly used fuel is solid biomass that accounted for approximately 86.00% of the total energy supply of Ethiopia in 2020 (MoWE, 2023) because only 48.30% of the people had access to electricity (WB, 2019). In 2013, the total biomass consumption of Ethiopia was 131 million tons, of which wood, charcoal, crop residue, and dung accounted for 68%, 3.20%, 14.10%, and 14.80%, respectively, of the total consumption (Geissler et al., 2013).
In Ethiopia, the excessive use of firewood in open cookstoves has caused deforestation (Maddox, 2006) because of the low combustion efficiency. The cutting of trees without reforestation has resulted in habitat damage, biodiversity loss, aridity, and degradation (Gessesse, and Carl, 2008). Deforestation in Ethiopia has been leading to the extinction of plant and animal species, changes in climatic conditions, desertification, and displacement of indigenous people. The deforestation rate in Ethiopia in 2005–2010 was 141,000 ha per year. The burning of forest land releases tons of CO2, which contributes to global warming. Deforestation of tropical areas creates one-third of the total anthropogenic carbon dioxide emissions (Tsegaye, 2007). Deforestation reduces soil cohesion, which results in erosion, flooding, and landslides. Burning of dung as a fuel instead of using it as a soil conditioner has led to a reduction of 550,000 tons of grain production per year (FAO, 2019).
Hence, understanding the emission levels of smoke (indoor pollutant) allows us to propose solutions that reduce indoor air pollution, such as improved stoves, modifying cooking rooms, and using the appropriate type of fuel. Emission measurements for household cookstoves have been conducted since the early 1990s; however, there are few field emission measurements from the cookstoves used. Therefore, less attention was given to the research and development of indoor air pollution. Most of the emission measurements are laboratory-based and generalized over large geographical regions, although over 16.68 million fuel-saving biomass stoves were disseminated throughout Ethiopia in the past 10 years (2010/11–2020/21) (MoWE, 2023). Accordingly, the present study was conducted in areas where improved cookstoves were widely distributed in order to determine the emission levels, and deforestation reduced with use of improved stoves compared to three-stone open cookstoves in Bure, Ameya, and Dalocha woredas (districts) of Ethiopia.
2 MATERIAL AND METHODS
2.1 Materials
The materials used were the GPS, weight balance, moisture meter, questionnaire, and automatic and portable gas sensor emission meters. Moreover, local guides who know the locality very well were hired to show different houses with open and improved cookstoves.
2.2 Description of the study area
The study was conducted in Bure (Amhara Region), Ameya (Oromia Region), and Dalocha woredas (Southern Nations, Nationalities, and Peoples’ Region, SNNPR) (Figure 1). The geophysical condition shows that the annual temperature ranges from 12°C to 32°C, and annual precipitation ranges from 550 to 1,750 mm (Table 1). The stoves used were Mirt and open three-stone cookstoves in Bure and Ameya woredas and improved Gonzie and open three-stone cookstoves in the Dalocha woreda. Bure is located in Northern Ethiopia at 700–2,750 m and Ameya in Central Ethiopia at 1,946–2,026 m above sea level (Table 1).
[image: Figure 1]FIGURE 1 | Location map of the study areas (own sketch).
TABLE 1 | Mean annual precipitation, temperature, and altitude of the studied woredas.
[image: Table 1]2.3 Description of cookstoves
The improved cookstoves, i.e., Mirt and improved Gonzie, have specific materials and dimensions (GIZ ECO, 2014). The Mirt stove is produced with a mortar using a mixture of scoria (red ash) or pumice or river sand with cement. It serves for more than 5 years. The Mirt stove has six parts that are joined together, four parts fit to make a cylindrical-shaped enclosure and two other parts joined one on top of the other and are fitted with the cylindrical enclosure from behind (Figure 2). The other two parts serve as a smoke outlet within the cooking places and rest of the cooking pot. The improved Gonzie stove is made from clay. It has four parts, which form its basic circular enclosure when assembled together (GIZ ECO, 2014). The major change shown in improved stoves is closing the circular area forming the combustion chamber, where plates are placed at the top. Open three-stone stoves are made from stone or mud, and they are placed in circular points in such a way that the cooking plate is placed on top of each, and the three points are placed at equal open space (Figure 2). The size or diameter of the combustion chamber of improved stoves is determined by the size of the plate and is usually 50–60 cm (Kedir et al., 2019), but the size or diameter of the traditional open three-stone stoves depends on the diameter of the cooking plate and has no standard size of the combustion chamber, and it is open.
[image: Figure 2]FIGURE 2 | Mirt stove (top left); improved Gonzie stove (top right); and open three-stone (point) stoves (bottom).
2.4 Description of the portable air-quality monitor
The portable air-quality monitor used was the 500 Series Portable Air Quality Monitor. It is used for real-time measurements of a variety of common air pollutants. Sensors are housed in a separate, easy-to-change cartridge, allowing the owner to choose which gasses and how many gasses to monitor. Swappable sensor heads measuring up to 16 different pollutants including ammonia, carbon dioxide, carbon monoxide, chlorine, formaldehyde, hydrogen, hydrogen sulfide, methane, nitrogen dioxide, non-methane hydrocarbons, ozone, perchloroethylene, and sulfur can be purchased. The 500 Series enables accurate measurement to 0.1-mg real-time surveying of common outdoor and indoor pollutants in an ultra-portable device. It is suitable for use on a range of projects, including wide-area air quality surveys, personal exposure monitoring, and short-term fixed monitoring. The 500 Series monitor from Aeroqual is a feature-rich portable monitor (Figure 3) with the ability to accurately measure multiple target gases at different concentrations in indoor and outdoor applications. It is produced in New Zealand with built-in data-logging and a long life with a fast-charging lithium battery.
[image: Figure 3]FIGURE 3 | Portable gas sensor Aeroqual monitor.
2.5 Description of the household cooking place
The studied households were using firewood, crop residue, dung, and charcoal as solid biomass energy sources. However, the most common biomass energy source used by all households for cooking in improved cookstoves was firewood. The rural houses were relatively crowded because of the poor condition of the family. There was no separate kitchen for cooking in most of the households surveyed. The cooking area was either in the same room as the living or sleeping place or connected with it and partitioned by temporary walls. As shown in Figure 4, the cooking and residential places were located in the same single room. The use of the same single room aggravates indoor air pollution due to smoke. It was observed that the installation of improved stoves was not appropriate because of the lack of a smoke outlet or chimney and wider spaces left for the firewood inlet. In most houses, all members of the family were exposed to indoor air pollution because there was no separate kitchen. Since there was no properly designed smoke outlet or chimney, the roof and wall of the houses were dark and accumulated soot.
[image: Figure 4]FIGURE 4 | Cooking place (left) and residential place (right) in a single room of a rural house.
2.6 Methods of data collection and analyses
In the present study, both qualitative and quantitative data were collected by interview and measurement. Households that use both open three-stone firewood cookstoves and closed improved cookstoves (Mirt and improved Gonzie) were selected on a nearly average size of a 1.80-m-long, 1.90-m-wide, and 2.10-m-high cooking room or kitchen. The cooking rooms had one 50 cm by 50 cm window but without a smoke outlet from the cooking place. In Ameya and Bure woredas, 100 households that were using Mirt baking stoves were purposively selected for comparison with the amount of wood used in traditional open three-stone cookstoves. In the case of the Dalocha woreda, 100 households that have improved Gonzie stoves were also purposively selected for comparison with traditional open three-stone cookstoves. The moisture content was measured using a portable moisture meter for wood stored for a maximum of 2 weeks under a shaded dry place, and the weight of firewood consumed per baking and/or cooking session in households was measured by trained enumerators by using a graduated weight balance (0.1 gm). The emissions of selected indoor air pollutants were measured three times (replicated) on different days for 3 min, at 10-min intervals, within 1-h cooking time in May 2021. The instrument used for emission was placed at a distance of 1.3 m from the cookstove (Figures 3, 5). The gas sensor instrument was fully charged before the measurement (Padhi et al., 2010).
[image: Figure 5]FIGURE 5 | Measurement of indoor air pollutants using an automatic gas sensor.
Qualitative data were reported and summarized. The amount of firewood consumed by a household on a daily basis was calculated using an Excel software application developed by Shell Foundation. Here, daily refers to sessional firewood consumption used during cooking. The analysis of statistical mean variance, standard errors and correlations on wood consumption, wood moisture content, and amount of emission was used to know whether there are significant differences in the consumption of firewood when using the two different cookstove types. SPSS statistical software for Windows (version 20.0 SPSS Inc., Chicago, IL, United States) was used for data analysis.
2.6.1 Role of improved stoves in reducing deforestation and emission
The deforestation caused due to use of open firewood cookstoves was compared with that caused by use of improved stoves using the woody biomass stock density of 85.50 tons/ha (Moges et al., 2010) (Equation 1). The average household cooking or baking time using an injera was twice per week and 104 times per year.
[image: image]
where Defo (ha) is the deforestation in hectare/year; the amount of wood used is air-dried wood, commonly used during cooking and baking.
The annual carbon emission at the household level was determined by assuming half of the biomass as carbon and the rate of conversion of carbon to carbon dioxide emission of 3.67 (Equation 2).
[image: image]
3 RESULTS
3.1 Wood consumption of households
On average, the amount of wood consumed ranged from 6.80 to 31.40 kg and 3.60 to 21.20 kg per session in open three-stone cookstoves and Mirt cookstoves, respectively. The highest wood consumption was observed in the Bure woreda, i.e., 8.20–13.10 kg, with the lowest number of persons of family per household, 4.7 persons, when compared with the other woredas. The least wood consumption was observed in Mirt stoves of Ameya, i.e., 2.20–14.00 kg per session (Table 2). The moisture content of the wood ranged from 8.60% to 8.90% in Bure, from 7.00% to 7.50% in Ameya, and from 7.30% to 7.60% in Dalocha. Eucalyptus tree species was the most common firewood species in Bure and Ameya woredas, and Carissa edulis was the most common in the Dalocha woreda (Table 2).
TABLE 2 | Wood consumption, number of families, and firewood species in using cookstoves.
[image: Table 2]The highest annual deforestation was caused by use of firewood in open cookstoves, ranging from 119.20 to 159.35 m2 per year. The rate of deforestation was reduced by using improved cookstoves, ranging from 20% in Dalocha to 37% in Bure and 41% in Ameya. The complete combustion of firewood at the household level converted the biomass carbon to CO2e, which ranged from 3.74 to 5.00 tCO2e in open cookstoves and from 2.33 to 3.13 tCO2e in improved cookstoves (Table 2).
3.2 Emission of some indoor air pollutants
Visual observation during baking with an injera revealed that the emission of gas and particulate matter as indoor air pollutants made it difficult to enter the baking room or cooking place. There were different products of incomplete combustion that emit gases such as CO. In improved injera baking stoves, the mean emission of CO in the Bure woreda was 1,004.8 mg/m3, that in Ameya was 33 mg/m3, and that in Dalocha was 53.85 mg/m3. The mean concentration of PM2.5 in open three-stone stoves in the Bure woreda was 124.50 mg/m3, in Ameya 0.53 mg/m3, and in the Dalocha woreda 0.04 mg/m3 (Table 3). The difference in the amount of indoor air pollutant emissions was attributed to the amount of wood used. As shown in Table 2, in the Ameya woreda, improved stoves used the least amount of wood, and the emission level, as shown in Table 3, was also the lowest.
TABLE 3 | Indoor air pollutant and particulate matter emission levels.
[image: Table 3]3.3 Indoor air pollutant concentration change
In the observed 1 h cooking/baking time, there was a concentration change among the indoor air pollutants. In improved injera baking stoves, the minimum concentration of carbon monoxide in the Bure woreda was 969 mg/m3 and the maximum was 1,035 mg/m3; in Ameya, the minimum was 22.00 mg/m3 and the maximum was 45.00 mg/m3; and in Dalocha, the minimum was 11.00 mg/m3 and the maximum was 98.00 mg/m3. The minimum and maximum concentrations of PM2.5 in open three-stone stoves in the Bure woreda were 121.00 mg/m3 and 128.00 mg/m3; in Ameya 0.33 mg/m3 and 0.80 mg/m3; and in Dalocha 0.005 mg/m3 and 0.097 mg/m3, respectively (Figure 6).
[image: Figure 6]FIGURE 6 | (A–C) Concentration change of indoor air pollutants during cooking fire usage.
3.4 Experience of households and professionals in indoor air pollution and climate change
The surveyed households qualitatively expressed that there were eye and breathing problems, but did not know the cause of the problem and had no knowledge of indoor air pollution. The responses from the interviewed professionals also revealed that knowledge about indoor air pollution available at the institutional level was not addressed to the rural households. They also stated that air pollutants such as particulate matter can contribute to climate change. Particulate matter stays in the atmosphere for only a few days or weeks; reducing these emissions can help reduce climate impacts in the near term. Some particles warm the atmosphere (e.g., black carbon); others create cooling (e.g., sulfates and nitrates). However, there exists much uncertainty about interactions between air quality and climate change and the relative impacts of different modes of development and climate change on pollutants. The indoor air pollution created reduces the adaptive capacity of rural people to climate change. The deforestation caused by the excess use of firewood also reduces mitigation of climate change. However, further study is needed for understanding the interrelation of indoor air pollution and climate change.
3.5 Correlation of indoor air pollutants and wood consumption
Carbon monoxide and carbon dioxide emissions were positively correlated with PM2.5 and PM10 at both p < 0.05 and p < 0.001 levels (Table 4). The particulate matter emissions were also positively correlated with the amount of wood consumed at p < 0.05; as the amount of wood used increased, the amount of particulate matter also increased (Table 4). The moisture content of wood was significantly and positively correlated with all the gases recorded, except with SO2 and PM2.5 (p < 0.05).
TABLE 4 | Correlation of the emission of different gases and wood consumption.
[image: Table 4]3.6 Policy implications
Interviews with energy experts in Ethiopia revealed that indoor air pollution was given less attention in research and development, and most of the study results considered laboratory-level cookstove emission. Regulatory frameworks on indoor air pollution are very weak, and most of the people have poor knowledge regarding the health effects and health risks of indoor air pollution. Despite efforts to incorporate the WHO’s air quality guidelines into the Ethiopian national legislation, there were no monitoring and practical implementation in the current health offices in rural household cooking. There were no explicit policies regarding indoor air pollution. Households were using their cookstoves in any arbitrary place, such as in the same place as the residing or sleeping place and in outdoor or a separate kitchen. In the administrative structure, the consideration of indoor air pollution and cookstoves at the institutional level frequently changed, and its position was either with health sectors, energy sectors, or environmental sectors. As a result, few protective measures taken toward indoor air pollution in Ethiopia. The installation of a chimney that expels smoke outside the cooking area and placing oneself away from the fire points were less practiced. The efforts in introducing improved cookstoves to reduce indoor pollution were hampered by the lack of chimneys that expel smoke outside the cooking areas and because of the poor technical capacity and poor economic condition of households.
There are climate change mitigation policies that make buildings increasingly airtight to increase energy efficiency. However, building airtightness increases the concentrations of air pollutants such as fine particulate matter (PM2.5) and carbon monoxide. Then, properly ventilated systems, such as mechanical ventilation systems with heat recovery and air filtration, are possible solutions but not practically used in Ethiopia. Therefore, policies should promote long-term energy-efficient building interventions, accompanied by proper ventilation and shading, and the removal of indoor air pollution sources by building chimneys and separate kitchens for cooking food using improved cookstoves.
4 DISCUSSION
4.1 Sources of indoor air pollution
Indoor air pollution is created by air pollutants from indoor sources and from outdoor sources that enter houses. Outdoor air pollution in rural areas is negligible owing to the absence of industrial activities and car transport. In the present study, the average size of the cooking room or kitchen was 1.80 m long, 1.90 m wide, and 2.10m high. The cooking rooms had one 50 cm by 50 cm window but without a smoke outlet from cooking areas. Indoor pollution in rural area households, therefore, was attributed mostly to indoor cooking. The solid biomasses were a cheap source of energy, which causes indoor pollution, for poor households, as stated in Schwela (1997). Du et al. (2017) and Lin et al. (2016) emphasized the health impacts of firewood cookstoves because of the higher amount of emissions of elemental carbon, PM2.5, organic carbon, and PAHs during firewood combustion, which were even greater than that of fossil coal. In this study, the emission was measured in the dry season, and according to Haung et al. (2022), the emission could be twice greater in the rainy season due to the higher moisture content of firewood.
4.2 Types of fuel used in cookstoves and emission levels of indoor air pollutants
In use of the improved stoves of Mirt and Gonzie, higher emissions of indoor pollutant gases were observed in all the studied woredas of Bure, Ameya, and Dalocha. However, the amount of emission associated with the type of firewood plant species used such as Eucalyptus and Carissa edulis was not studied. Other studies stated that Eucalyptus and Acacia produce approximately 25 times more small particles than LPG. Combustion of pine, oak, and Eucalyptus firewood emits particles that range from 0.10 to 0.30 µm (Kleeman et al., 1999). Softwoods generally release more emissions than hardwoods during combustion in fireplaces. The intensity of indoor air pollution is affected by the extent of human exposure, fuel moisture, burning rate, ventilation, and cooking behavior. PM2.5 emissions were predominant in the burning of forest biomass, which are hazardous to health. Similarly, the PM levels observed in this study were higher than the levels recommended by the WHO (Table 3), which cause different health problems such as blood pressure (Wang. et al., 2023b). Solid biomass fuels require large volumes and mass relative to the energy delivered, and they produce a high level of combustion emissions (Zhao et al., 2020). For household energy sources, the energy density ladder in decreasing order is electricity > gas > kerosene > wood > crop residues > dung, showing biomass as the least energy-dense component (Smith et al., 1994) but higher emitter. Combustion of compacted biomass resulted in lower particulate emission factors. Indoor air carbon monoxide levels caused by faulty or unvented combustion appliances in poorly ventilated rooms are usually higher than those in outdoor air. In kitchens, short peak concentrations may exceed 115 mg/m3 (100 ppm). Smoke from tobacco in dwellings, offices, vehicles, and restaurants can increase the 8-h average carbon monoxide concentration by up to 23–46 mg/m3 (20–40 ppm) (Washington D.C, 1991). The indoor air pollution is often exacerbated in homes using biomass fuel and poorly designed stoves, which do not have fireplaces or hoods to expel the smoke outside the dwelling area. The combustion efficiency of biomass is also very low, resulting in relatively high levels of incomplete combustion products. Improved stoves and well-dried biomass fuel that can be burned cleanly can be used in order to produce carbon dioxide and water instead of incomplete combustion products. Therefore, modifying different aspects of current traditional fuel stoves and energy use behaviors could reduce the emission of indoor air pollutants better than using of stoves that use liquid fuel, gas, or electricity (Fullerton et al., 2008).
4.3 Impacts of indoor air pollutants
The indoor pollutants in smoke such as carbon monoxide, carbon dioxide, sulfur dioxide, and particulate matter emitted during cooking or heating are hazardous substances because their amount was above the levels recommended by WHO (2006) and WHO (2023) (Table 3), which lead to a broad range of health problems and may even be fatal, as stated by Smith and Liu (1994). According to WHO (2006) and WHO (2023), the 1-h concentration of CO, SO2, PM2.5, and PM10 emission levels is 40 mg/m3, 35 μg/m3, 25 μg/m3, and 50 μg/m3, respectively. Concentrations above these limits, as shown in the current study, are dangerous to human health. In Adama City of Central Ethiopia, which was similar to the current study area, household air pollution attributable to mortality was estimated to be 50% due to acute lower-respiratory infections (ALRIs), 50% due to chronic obstructive pulmonary disease (COPD), and 50% due to lung cancer (Balidemaj et al., 2021). Although it was believed that women and children who are exposed to high particulate matter concentrations when cooking indoors are more vulnerable to the health impacts of indoor air pollution (Abera et al., 2021), staying indoors for longer hours during the 2020 COVID-19 pandemic revealed the occurrence of increased indoor air pollution in all groups of rural household residents (Du and Wang, 2020).
In the current study, the households did not emphasize on smoke indoor pollution, which unknowingly causes health effects such as eye problems and respiratory diseases, which is in line with the documented information in the study by Levesque et al (2001); WHO (2010); and Washington D.C, (1991) about the impacts of CO in reducing the availability of O2 in the blood system. The levels of carbon monoxide emitted in all cooking places of the current study areas were higher than the WHO standards, except in the Ameya woreda (Table 3) where the improved stoves caused lower emission and open three-stone stoves showed the maximum tolerable limit of approximately 35–40 mg/m3 (WHO, 2023). The CO exposure of Bure woreda households was above 26 times the permissible limit of 1-h average WHO standards (Table 3), which is very dangerous for the residents. Therefore, awareness creation on the health effects of the fire smoke indoor air pollution and remedial measures like ventilation of the cooking area and installation of improve stoves with a chimney is highly important, as confirmed by Adane et al. (2021) and Phillip et al. (2023).
According to USEPA (2002), the threshold level of daily average concentration of PM10 should be less than 150 μg/m3 and the annual average should be less than 50 μg/m3 for human beings. However, in many parts of developing countries, the indoor concentration of PM10 often exceeds 2,000 μg/m3 (Regalado et al., 2006). The present study showed a similarly higher amount. Particulate matter can easily bind to toxic metals or carcinogenic compounds, and it is deposited deep in the alveolar lung tissue for prolonged time periods (Badamassi et al., 2017). PM2.5 is hazardous to health as it comprises organic matter (30%–60%), nitrates and sulfates (25%–30%), elemental carbon (5%), and metals (1%) (USEPA, 1995). The households in the Bure district exceeded the WHO guidelines for 24-h mean particulate matter levels set as 50 μg/m3 for PM10 and 25 μgm−3 for PM2.5 (WHO, 2006). The other districts showed normal conditions of particulate matter, which could be because of the type of woody species used for firewood, which requires further study (Table 3). Carbon dioxide emission in the cooking place of the study areas was 35–562 times higher than the permissible limit of the 1-h average stated by WHO (2006). Therefore, the cooking areas of all the studied woredas were at high risk for CO2 indoor pollution. This also requires institutional attention both from the energy sector in supplying clean energy and from the housing sector in creating better ventilation and appropriate cooking places. The ventilation of rooms needs to keep carbon dioxide concentrations below 1,800 mg/m3 to create acceptable indoor air quality conditions. When people are exposed to levels of CO2 above 8,998 mg/m3 for hours, it could cause headache, dizziness, nausea, and other symptoms. Concentrations of CO2 of approximately 71,984 mg/m3 are immediately dangerous to life and health because they replace oxygen in the blood stream (https://www.health.state.mn.us/communities/environment/air/toxins/co2.html). In stationary combustion units, such as household firewood combustion in open stoves for food cooking, carbon dioxide is the major greenhouse gas (Gillen water, 2005) that has indoor air pollution and climate change effects. The emission level of SO2 in the present study was lower than the WHO standard (Table 3), which could be due to the low amount of sulfur contained in wood (WHO, 1997). Therefore, SO2 emission was not a health risk in the cooking places of the studied woredas (WHO, 2018). The wood moisture content was highly correlated with the emission levels. In developing countries, such as Nepal and China, where traditional methods such as open cooking fire stoves and other open devices are used, the total suspended particulate matter from wood smoke range from 2.7 to 25 mg/m3 (WHO, 2016). The emission levels of most of the gases were significantly different (p < 0.05) depending on the amount of moisture content of the wood, with higher moisture content indicating higher emission (Table 4). Indoor air pollution affects climate change and vice versa (West et al., 2013). Outdoor environmental changes such as temperature increase indoor air pollution (Abera et al., 2021). The indoor pollutants also create short-term atmospheric composition change (USDOE, 2011). The combustion of fossil fuel is estimated to result in tens of thousands of avoidable deaths due to air pollution by 2030 (Marais and Wiedinmyer, 2016) and accelerate climate change. Therefore, investing in an appropriate type of firewood and other renewable energy resources with improved stoves rather than relying on the combustion of fossil fuels is essential for the health of the African population (Marais et al., 2019).
4.4 Firewood cookstove utilization and deforestation
The use of firewood aggravates the rate of deforestation and is attributed to negative impacts on soil, water, and livelihood, including loss of agricultural productivity (FAO, 2019). The highest firewood consumption observed in the Bure woreda has a potential of deforesting 99.74 m2 in Mirt cookstoves and 159.35 m2 in open cookstoves per household per year, which emitted approximately 3.13 tCO2e and 5.0 tCO2e, respectively, in complete combustion (Table 2). It was known that introducing efficient stoves reduces forest degradation by saving approximately 0.9 tons of biomass/year/household and saves woody biomass from being cut and burned to increase carbon sequestration to 2.1 tons/year/household. In Ethiopia, the dissemination of improved stoves to 20 million households was proposed to reduce the emission by 35 MtCO2e in 2030 (CRGE, 2011). Parker et al. (2015) reported that the emissions from traditional open stoves account for approximately 2% of global greenhouse gas emissions contributing to global warming.
4.5 Indoor air pollutants and policy
Most of Ethiopian legislations of air pollution focus on industries. The pollutions caused by domestic biomass burning were given low law enforcement and lack monitoring (Joss et al., 2017). However, in developed countries like America and Europe, real-time monitoring that facilitates modeling of indoor air pollution was practiced by using a predetermined policy environment (Wang. et al., 2023a). Therefore, the food cooking sector requires additional policy attention in rural Ethiopia.
5 CONCLUSION AND RECOMMENDATION
The impact of smoke emission and associated indoor air pollution increases when baking or cooking was done inside the main dwelling unit using open cookstoves. Houses that use a higher amount of wood during cooking or baking faced a greater emission of indoor air pollutants. The highest rate of deforestation, i.e., 159.35 m2/year, and the highest firewood combustion emission of 5 tCO2e per household were observed in the open cookstoves of Bure woreda. In most of the households surveyed, there was no separate kitchen for cooking. The particulate matter emissions were correlated with the amount of wood consumption at p < 0.05. The narrow size of the rural house cooking area and the lack of sufficient ventilation revealed that indoor cooking was the main source of indoor air pollution in households in rural areas. Other studies emphasized the health impacts of firewood cookstoves because of the higher amount of emission of elemental carbon, PM2.5, organic carbon, and PAHs during firewood combustion, which were even greater than the fossil fuel. The emission of PM2.5 in open three-stone cookstoves in the Bure woreda was 124.5 mg/m3; in Ameya 0.528 mg/m3; and in Dalocha 0.038 mg/m3, which is dangerous for the health of the household inhabitants, especially for the common rural cooking women and the accompanying children. In particular, in Bure woreda households, CO exposure was above 26 times the permissible limit of the 1-h average WHO standards. The PM in the current study was higher than the recommended levels of the WHO, which causes different health problems such as blood pressure. Modifying different aspects of current traditional fuel stoves and energy use behaviors could reduce the emission of indoor air pollutants better than using stoves that use liquid fuel, gas, or electricity. According to the WHO, the 1-h concentration of CO, SO2, PM2.5, and PM10 emission levels is 40 mg/m3, 35 μg/m3, 25 μg/m3, and 50 μg/m3, respectively. Concentrations above these limits, as shown in the current study, are dangerous to human health. The households in the Bure district exceeded the WHO guidelines in 24-h mean particulate matter levels set as 50 μg/m3 for PM10 and 25 μg/m3 for PM2.5. The minimum particulate matters studied were PM2.5, which indicates the presence of ultrafine particles (less than 1 µ), and therefore, further study should be conducted on the extent of ultrafine particles in the studied areas. Carbon dioxide emission in the cooking place of the study areas was 35–562 times higher than the permissible limit of WHO standards, which result in health conditions such as headache, dizziness, and nausea. This also requires institutional attention both from the energy sector in supplying clean energy and from the housing sector in creating better ventilation and appropriate cooking places.
The health effects induced by exposure to indoor pollutants were given less attention by the local people of the current study area, although the negative impacts are known at the institutional level. The households surveyed were not taking care of their health associated with the problems of indoor air pollution in the areas of cooking and the type of cookstoves used.
The risks of exposure to indoor air pollutants and its health effects were very high in houses that use firewood for cooking food. Indoor air pollution is a great problem in all rural areas and some urban areas of Ethiopia. The role of improved stoves in the reduction of indoor air pollution was not observed in the current study because of the inappropriate installation of a wide opening left for the firewood inlet and the lack of a smoke outlet and chimney from the cooking place. Although improved stoves deliver some climate benefits and save wood consumption, they do not protect human health adequately. There was also a lack of information about the health impacts of indoor pollution on the studied Ameya, Bure, and Dalocha woredas households of Ethiopia. Therefore, remedial measures are highly important in order to reduce the heath-damaging effects of smoke indoor air pollution in rural house settings of Ethiopia, and further empirical study should be conducted in hospitals and health centers about the impacts of indoor air pollution. There should be appropriate policies and institutions that deal with the cookstoves, solid biomass fuel utilization, and indoor air pollution in Ethiopia.
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