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ABSTRACT


The current government strategies and public perception of air pollution in Bangladesh emphasize only on urban outdoor environment, but some of the highest concentrations of pollutants actually occur in rural indoor environment.  The levels of air pollution exposed by the women and children below five years in the kitchens of many millions of village homes during cooking apparently exceed levels found in the worse polluted cities of the world.   Excessive use of the low quality biomass fuels (i.e., wood, crop residues, animal dung, etc.) in inefficient traditional cooking stoves with no flue or chimney generates smokes, particulate, carbon monoxide, methane and hundreds of organic compounds including several carcinogens. 

Based on the studies conducted in other countries and available data from the literature, emission rates of various common air pollutants and green-house gases (GHG) representative of the typical cooking condition of rural Bangladesh are presented in this paper.  For most compounds, it appears that solid biomass fuels such as wood burning produces markedly higher emissions than any other fossil fuel (i.e., kerosene, LPG, etc.).  The biomass burning emissions vary with fuel type, stove design, combustion conditions, ventilation rates, and duration of cooking.  It is possible to reduce emissions and exposure significantly by introducing a stove with higher level of efficiency.   Recommendations are provided to formulate and implement a nationwide high efficiency cook stove dissemination program considering policy, economic, and social factors of Bangladesh.

Upon evaluating trends of national biomass energy consumption, total nationwide emissions of these pollutants are estimated.  The total biomass derived emissions of the air pollutants and GHG’s are then compared with those of other sectors.  It appears from such comparison that in Bangladesh where rural life style dominates, indoor air pollution due to cooking is one of the most significant threats to human health and largest contributor of the global warming phenomenon.  It is not, therefore, surprising to recommend shifting government and policy attention toward mitigation of wood stove pollution.

Among various hydrocarbons produced by the cook stoves, some hydrocarbons, e.g., benzene, 1,3-butadiene, styrene, and xylenes, are of special concern because of their carcinogenic properties.  The lifetime risk of a typical woman in rural Bangladesh environment from exposures to these compounds emitted by cook stoves is tentatively estimated by using a simple exposure model and published cancer potencies. The results are very revealing.  These estimates illustrate that doses and concentrations experienced by women and children in village homes burning biomass fuels are significantly high by any global standards.   It is shown that village women who spend a significant period of a day in cooking activities receive a much larger total dose of pollution than residents of the dirtiest urban environments in the world, higher than any national public standards or World Health Organization’s ambient air quality standards.  Based on these calculations, it is estimated that use of biomass cook stove in rural Bangladesh generates substantially higher cancer risks (more than 80 times) than the maximum risk experienced by US population from all sources of airborne benzene and styrene.  In fact, the woman cooks and children surrounding them inhale as much benzo(a)pyrene (BaP), a potent carcinogen, as some one who does smokes 20 packs of cigarettes each day.   Under occupational safety and health regulations of today, relatively few workers in an industrial environment around the world are allowed to expose in such high levels.  

Introduction

Almost all villagers and slum dwellers of urban areas in Bangladesh exclusively rely on biomass fuels as their only available source of cooking energy needs.   In rural areas and poorer sections of urban areas where people can hardly satisfy the basic sustenance, the cooking energy is the primary energy demand.  In fact, about two-thirds of the total energy consumed in the country is used in cooking, of which more than 90% come from biomass fuel.  It is reported that (Bala, B.K., 1997) the biomass derived cooking energy is comprised of 20% fuel wood, 52.5% animal waste, and 27.5% agricultural waste.  

The source of biomass energy is virtually limited by the available forests and agricultural lands, and number of cattle.   These available biomass resources are under great stress and continue to decrease because of high population growth and growing needs for energy.  It is not an exaggeration to say that biomass resources are utilized in Bangladesh to an extreme and dangerous extent.  In the recent years, the Government of Bangladesh increased its effort in the rural electrification and natural gas exploration.  These efforts are limited to providing lighting and modern appliance (i.e., fans, refrigerators, TV, etc.) energy needs.  Besides, due to an extreme poverty level, most villagers can not afford electric cooking devices.  Bangladesh, therefore, will remain heavily dependent on biomass energy for cooking purposes for several decades to come.

Many studies have shown that biomass burning cook stoves produce a number of harmful air pollutants including suspended particulate matters, carbon monoxide, and carcinogenic organic compounds.   Due to poor ventilation in the most rural kitchens, women and children who spend an inordinate amount of time near the cooking activities are exposed to dangerous levels of air pollution.   Results of several field measurements in the rural kitchens demonstrate that levels of air pollution during cooking exceeds any established national or international ambient air quality guideline levels by many folds.  Yet, any systematic attention toward reducing such high human exposure is largely absent in many developing nations including Bangladesh.  However, countries like India and China have drawn attention to this matter and made some efforts to improve the situation.  

Health Effects

Epidemiological studies in the developing nations have linked exposure to biomass cooking stove derived indoor air pollution with at least four major types of illness:  Acute respiratory infections (ARI) in children, lung cancer, chronic obstructive lung diseases such as asthma and chronic bronchitis, and birth defects.   Women and children who stay with their mothers during cooking are the silent sufferers of these health effects.  In South Africa, researchers found that Zulu children living in homes with wood stoves were five times more vulnerable to develop a respiratory infection severe enough to require hospitalization.  A study conducted in Gambia found that children staying near their mothers during cooking contracted pneumococcal infections – most deadly form of respiratory infections- at a rate 2.5 times higher than non-exposed children.  In India, ARI in children under 5 alone is responsible for 2% of the total global burden of disease.    Overall, studies indicate that exposure to smokes from wood stoves may increase a child’s risk to contract a serious respiratory infection from two to six.   

A national study conducted in Bangladesh (Baqui and others, 1997) reported that 25% death among children of ages 1-4 is attributed to ARI.  The Bangladesh demographic and health survey of 1999-2000 (National Institute of Population Research and Training) shows that children experiencing respiratory illness during two weeks before survey was 18%, compared to 6% for prevalent diarrhea.  The Dhaka Children Hospital has reported that the children patients treated for ARI have increased from 39% in 1996 to 56% in 2000.  In view of these statistics, the effect of biomass burning indoor pollution on children and women in Bangladesh is undoubtedly alarming.    

Many respiratory infections result in death, and evidence shows that exposure to biomass cook stove smoke may contribute to higher mortality rates.  For example, a study in Tanzania found that children younger than 5 years who died of ARI were 2.8 times more likely to have been sleeping in a room with an open cook stove than healthy children in the same age group.   Estimations made for India show that about 500,000 annual premature deaths, mostly of children under five, are related to indoor air pollution.  Assuming similar situations in Bangladesh, about 100,000 annual deaths of children under 5 may be attributed to ARI caused by biomass cook stove use.    Therefore, biomass cook stove issue must be dealt with no less seriousness than urban air pollution or ground water arsenic crisis.

Adults, particularly rural women, who spend a significant time of their lives in cooking activities, are at no less risk from the ill effects of severe cook stove air pollution.   A Mexican study showed that women who had been exposed to wood smoke for may years faced 75 times more risk of developing chronic lung disease, and eventually lung cancer, than women not exposed to wood smoke.  Exposure to high indoor smoke has also been linked with pregnancy related problems as still births and low birth weights.  One study in western India found a 50% increase in still births in women exposed to cook stove smokes during pregnancy.        

Cook Stove Emissions 

While biomass cooking is considered a primitive and archetypal human activity, the knowledge of associated adverse indoor air pollution is a recent phenomenon.  Research studies to identify air pollutants and their emission factors from biomass cook stoves in the developing nations have been initiated only in the recent decades.  The currently available literature citations for biomass cooking emissions include a few countries such as India, China, Nepal, Mexico, Guatemala, Kenya, etc.  It does not appear that any scientific investigations to identify and quantify emission factors from Bangladeshi cook stoves have taken place yet.   In this paper, the author surveyed available published results of the experiments on biomass cook stove emissions and applied most probable emission factors for Bangladeshi conditions based on similar characteristics.  

A fuel combustion process generally releases criteria pollutants including particulate matters (PM), carbon monoxide (CO), sulfur oxides (SOx), nitrogen oxides (NOx), and hydrocarbons.   The residential cook stoves using biomass fuels emit PM, CO, and hydrocarbons an order of higher magnitude because of incomplete combustion and less efficient combustion chamber use.   Sulfur and nitrogen oxides emission for biomass is generally less, because sulfur is insignificant in solid biomass fuel and low burn temperature releases negligible amount of nitrogen oxides.  Among hundreds of different hydrocarbons released by a biomass burning cook stove, formaldehyde (HCHO) and benzo(a)pyrene (BaP) are the most noteworthy because of their carcinogenic properties.   Biomass as an energy carrier is generally assumed to be carbon dioxide (CO2) neutral because most of the CO2 released during the biomass combustion will be reabsorbed through photosynthesis by unused or new biomass.   However, other green house gases (GHG) such as CH4 and N2O emitted from biomass combustion cause a net GHG effect.

Emission factors of pollutants from cook stoves vary considerably depending on the fuel type, stove design, combustion parameters, etc.  The Table 1 below shows emissions factor for different pollutants by the type of biomass fuels, reported in the scientific literature based on experiments primarily conducted in different regions of India.  

Table 1: Emission factors for biomass energy use in traditional cook stoves (g/kg of dry fuel)

[Selectively extracted from Table 5, Bhattacharya, S.C. and Salam, A.P., 2002]

	Fuel Type
	CO2
	CO
	CH4
	PM
	SOx 
	NOx
	N2O

	Fuel wood
	1705
	80
	9 
	9
	0.34
	2.34
	0.070

	Crop Waste
	1266
	75
	300 kg/TJ
	7.4
	0.29
	1.74
	4.0kg/TJ

	Cow Dung
	1060
	83
	300kg/TJ
	20
	6
	7
	4 .0kg/TJ


B.K. Bala (1997) estimated that total fuel wood supplies in Bangladesh during the year 2000 is about 7 million metric tons.   The current production of agricultural residue or crop waste and cow dung  in Bangladesh is estimated to be 12 million and 27 million metric tons per year (RWEDP).  Bangladesh Forestry Master Plan (FMP, 1993) estimates that in the year 2003, the national solid wood fuel demand of 10 million cubic meter will be partially satisfied by a total available supply of 7 million cubic meter.  Table 2 below shows the estimated total annual emissions of certain air pollutants and GHG’s based on the best available data on biomass consumption and literature reported emissions factors for respective pollutants provided in Table 1 above.  The total annual CO2 emissions generated from biomass 55.75 (million tons) is about three folds higher than the total CO2 emissions from all other sectors, 19.31 million tons (reported in Table 3.1, CDM Opportunities in Bangladesh, 2001).  Therefore, in a non-industrial country like Bangladesh, CO2 reduction strategies must consider replacement or efficient use of biomass as a clean development mechanism (CDM) project opportunity.  

Table 2: Annual biomass consumption and emissions production in Bangladesh 

(Million metric tons)

	Fuel Type 
	Heating Value (MJ/kg)
	Fuel Used


	CO2

	CO
	CH4
	PM
	SOx 
	NOx
	N2O

	Wood Fuel
	16.55
	7.0 
	11.94
	0.56
	0.063
	0.063
	0.0024
	0.0164
	0.0005

	Corp Waste
	16.50
	12.0
	15.19
	0.9
	0.0594
	0.089
	0.0035
	0.0209
	0.0008

	Cow Dung
	13.3
	27.0 
	28.62
	2.24
	0.1077
	0.540
	0.1620
	0.1890
	0.0014

	Total
	
	46.0
	55.75
	3.70
	0.23
	0.69
	0.17
	0.23
	0.0027


Cook Stove Pollution Concentrations and Human Exposures

A considerable body of research has been devoted world wide to estimate pollution concentrations and cook’s exposure level during cooking activities in the domestic environment.  Unfortunately, to date no such studies were conducted in a Bangladeshi village kitchen.  The experimental data collected in the rural kitchens of other developing nations may shed some light about the significance of this issue in Bangladesh.  Variations of cooking environment may differ significantly between regions and countries, but fuels and designs of stoves have considerable similarities.  Based on the data available from the literature, indoor pollution levels measured in many cook stove studies are summarized in the Table 3 below.

Table 3: Biomass cook stove pollution concentrations cited in the literature 

	Study Location
	Reference
	PM (mg/m3)
	CO (ppm)
	NO2 (ug/m3)
	SO2 (ug/m3)
	HCHO

(ppm)
	BaP (ng/m3)

	India – Dung
	Raiyani et al, 1993
	2.7
	150 
	348
	
	0.82 
	

	India-Wood
	Raiyani et al, 1993
	1.4
	165
	344 
	
	0.75
	

	Gujrat, India 
	Smith et al 1983
	2.7-56.0*
	
	
	
	
	2,620-19,300*

	Ahmedabad, India– Dung
	Aggarwal et al, 1982
	16
	
	144
	242
	
	8250

	Ahmedabad, India – Wood
	Aggarwal et al, 1982
	7.2
	
	318
	169
	
	1270

	Kenya 
	WHO, 1987
	1.4
	50
	169
	
	0.1-0.8
	

	Gambia 
	WHO, 1988
	2.4
	10
	146
	
	
	

	India 
	Ramakrishna et.al, 1989
	4.4
	90
	145
	
	0.035
	

	Nepal 
	Reid et al, 1986
	3.1
	300
	489
	
	0.33
	


*Extremely high levels observed during monsoon when kitchen ventilation was closed due to rain.

The concentrations listed in Table 3 provide typical levels of different pollutants that may exist in a rural kitchen during cooking, which are several orders higher than ambient concentrations measured routinely in any outdoor environment.  These indoor concentrations are indeed much higher than any nation’s guideline for healthy air quality levels, and also higher than occupational exposure levels for workers in the industrial settings.  In fact, a woman cook inhales BaP doses (8250 ng/m3) equivalent to a smoker who smokes more than 20 packs of cigarettes a day (400 ng/pack).  

The data on pollutant concentrations are informative but are of limited value for making inferences about health risks without understanding linkages to actual human exposures.   Zhang and Smith (1996) derived a simple exposure model to estimate cancer risks from four carcinogens generated by biomass cook stove operations based on measured emission factors and indoor concentration.   They developed a scenario of a typical woman in a rural environment who stays in the kitchen during cooking three meals a day for her lifetime of 70 years.  As a child she is exposed to the same level, because she remains with her mother in the kitchen during cooking, as an adult she cooks for the family and when she grows old she assists her daughter-in-law.  The Table 4 below summarizes the life time exposure for this typical rural woman and her cancer risks based on published cancer potencies from four prevalent carcinogens: benzene, 1,3-butadiene, styrene, and xylene.

Table 4: 
Lifetime Exposure and Cancer Risks of Four Hydrocarbons from a Wood Burning Cook Stove and Comparison with Average US Cancer Risks  

	Carcinogen
	Emission Factor

(g/Kg dry fuel)
	Lifetime Exposure

(ug/m3)
	Cancer Potency (ug/m3)-1
	Cancer Risk

(X10-6)
	US Cancer Risk (X10-6)

	Benzene
	0.4
	58-150
	8X10-6
	470-1200
	100

	1,3-Butadiene
	0.08
	11-30
	2.8X10-4
	3200-8400
	-

	Styrene
	0.06
	8.2-22
	0.3X10-6
	2.5-6.5
	0.09

	Xylene
	0.2
	29-76
	2.8X10-7
	8.1-21
	37

	Total
	
	
	
	3700-9600
	


It is evident from the data presented in Table 4 that a woman’s exposure to the carcinogenic chemicals in the least industrialized rural environment is often many times higher than the average exposure of a resident living in the most industrialized environment such as US.   If we assume that about 50 million rural woman in Bangladesh continually expose themselves to the biomass smokes, an estimated upper bound of 500,000 may die from cancer caused by cook stove pollution. 

Measures to Reduce Cook Stove Impacts

Because of the economic and technological gap, it is not possible to eliminate use of biomass cook stoves in Bangladesh in the recent future.  However, in a natural evolutionary process as the country moves toward economic prosperity and modernization, the cleaner fuels will replace biomass energy.  In the interim period, programs to reduce biomass pollution impacts must be seriously considered because of its dreadful health impacts on millions of children and women. Three common measures implemented by many developing nations to reduce cook stove pollution include:

· Dissemination of improved cook stoves which require less fuel and generate less pollution

· Improved ventilation in the cooking area and allow rapid dilution or dispersion of smokes

· Gradually replacing biomass with clean fuels

Among the three measures, improved biomass stoves and improving ventilation are likely to be most effective options for near and mid term.  The transition to high quality liquid and gas fuels is a long term option that comes as a natural consequence of economic development.   If the Government makes the clean fuels more widely available and cheaper, then such a transition can be accelerated.  In a country where natural gas is produced domestically, the government has means to implement this long term measure sooner. 

Improve Cook Stove Dissemination Program

China launched the world’s most successful improved cook stove program and introduced more than 160 

million improved stoves by 1991 covering more than 70% of total rural households.   India had begun efforts of improving cook stoves as early as 1940’s and several waves of regional and national efforts introduced improved cook stoves in many millions of Indian households.  Today, more than 20 nations have implemented such programs along with financial supports of bilateral and international organizations.  Bangladesh has now benefits of learning from these successful national programs and should not delay taking a nationwide initiative any longer.   Based on successful elements of other country’s program, Bangladeshi program should incorporate the following steps:

· Conduct research and development towards design and modification of stoves to match local conditions of fuel and cooking/heating needs.  Bangladesh Council for Scientific and Industrial Research (BCSIR) has already developed several cook stoves design (Lucky, R.A., 2001) and the government may consider them as a starting point and direct further investigations in finding optimum designs based on efficiency, economics, and pollution reduction potentials.

· Conduct technology promotion by recruiting the users of cook stoves, rural women, as the organizers for cook stove performance demonstration events because they have greater credibility among their co-users.

· Awareness program for village women on environmental issues related to fuel wood consumption, over-exploitation of resources, deforestation, health hazards from excessive smokes, can be carried out at the local government level (i.e., village or union level). In order to increase acceptance, the benefits of improved wood stove in terms of reduced smoke and cooking time must be demonstrated.

· The financial assistance should be limited to bring the cost of improved stove comparable to the traditional stove.  Villagers should be informed about the long term operation cost savings based on fuel and time savings.

Improved ventilation

Studies have confirmed that installing a chimney or a window above the smoking area or simply keeping the doors open during cooking can significantly reduce the occupants’ exposure to high levels of air pollution.  Mass awareness program of the ventilation benefit will help households make these changes to the kitchen configurations.  In many cases, it could mean a simple behavioral change by keeping all the doors and windows open during cooking.   Where a kitchen lacks adequate ventilations, women and children can keep a safe distance from the cook stoves area during cooking.

Increased Access to Clean Fuels

Increased availability of clean fuels such as natural gas, biogas, kerosene, electricity, etc. at an affordable cost can reduce the cook stove pollution substantially.  Currently, electricity and kerosene are widely used as lighting energy and the combination of high cost and limited availability precludes their use as cooking fuel.  The promise of significant domestic natural gas reserve may make it a viable fuel for cooking, although it will require investment on relatively expensive cook stoves.  

Biogas, on the other hand, can provide an alternative to expensive clean fuels because villagers can produce a significant amount of it using the animal waste, poultry manures, and cow dung readily available in the rural households.  Small scale biogas digesters exist in many communities of the developing nations and  they recently found increased use in rural  Bangladeshi settings . Biswas et. al., (2001) showed that at an initial investment of about 90, 000 Tk  and use of cow dung produced by 50 cows, more than 30 household’s cooking energy demand can be met.  The pay back period for such an investment is a mere  one year and the long term savings are limitless.  The Government should become an active partner with rural communities to encourage set-ups of community based biogas digesters in every village where raw material of biogas is readily available at no cost.   

Conclusion

This paper is aimed at highlighting potential deadly and pervasive health and environmental impacts caused  by burning biomass as fuels in the millions of village and urban slum households of Bangladesh.  The data presented in the paper were largely compiled from the reports cited in the literature and were based on experiments conducted in countries outside Bangladesh.  Nevertheless, the applicability of these data to illustrate the extent of biomass wood stove impact in Bangladesh is appropriate.    Future scientific endeavors to investigate the reliability and accuracy of these data should be a high priority research task.

The current government effort to monitor and assess air pollution in Bangladesh is concentrated on the outdoor environment of large urban centers with no attention given to where people actually spend time.  The majority of the population, women and children, spend most of their time indoors, and efforts to shift focus of air pollution studies to include rural women and children that comprise more than half of the population must begin.   The ever continuing practice of using biomass cooking fuels impacts several sectors and marginalizes the poorest of the poor, village women.  High children mortality and low average life expectancy of the country’s rural women are linked with their cook stove smoke exposures.   The nation’s rural energy policy, housing policy, and development policy must consider the biomass cooking practice into consideration.    The overall goal of our government and development partners to achieve the higher quality of life for the mass is not certainly compatible with high levels of human exposures to carcinogens during cooking.

Disclaimer:   This paper has not gone through official EPA review procedures, however, and thus should not be considered to have EPA approval.  The author is solely responsible for views expressed and concepts discussed in the paper. 

References

1. Aggarwal A.L., Raiyani C.V., Patel P.D., Shah P.G. and Chatterjee S.K. (1982). Assessment of exposure to benzo(a)pyrene in air for various population groups in Ahmedabad.  Atmospheric Environment 16, 867-870.

2. Bala B.K. 1997.  Computer modeling of the rural energy system and of CO2 emissions for Bangladesh. Energy – The International Journal 22, 771-776.

3. Baqui  A. H. and others. 1997.  Causes of childhood deaths in Bangladesh: results of a nationwide verbal autopsy study.  Special Research Report – International Center for Diarrhoeal Disease Research , Dhaka, Bangladesh.

4. Bari M.N., Hall D.O., Lucas N.J., Hossain M.A. 1998. Biomass energy use at the household level in two villages of Bangladesh: assessment of field methods. Biomass and Bioenergy 15(2), 171-180.

5. Bhattacharya  S.C. and Salam A.P. 2002.  Low greenhouse gas biomass options for cooking in the developing countries.  Biomass and Energy 22, 305-317

6. Biswas W.K. and  Lucas N.J.D. 1997.  Energy consumption in the domestic sector in a Bangladesh village. Energy – The International Journal 22,  771-776.

7. Biswas W.K., Bryce. P.  and Diesendorf. M. 2001.  Model for empowering rural poor through renewable energy technologies in Bangladesh.  Environmental Science and Policy 4, 333-344. 

8. Pembina Institute for Appropriate Development and Tata Energy Research Institute. 2001. Clean Development Mechanism Project Opportunities in Bangladesh – Report prepared by Bangladesh University of Engineering and Technology. Table 3.1, page 5.

9. Lucky R.A. and  Hossain, I., 2001. Efficiency study of Bangladeshi cook stoves with an emphasis on gas cook stoves.  Energy – The International Journal  26, 221-237.

10. Raiyani, C.V.,  Shah, S.H., Desai, N.M., Venkaiah, K.,  Patel, J.S.,  Parikh, D.J., and Kashyap, S.K. 1993.  Characterization and problem of indoor pollution due to cooking stove smoke.  Atmospheric Environment, 27A(11), 1643-1655.  

11. Ramkrishna, J., Durgaprasad, M.B. and  Smith K.R. 1989.  Cooking in India: the impact of improved stoves on indoor air quality.  Environment International 15, 341-352.

12. Regional Wood Energy Development Program (RWEDP), http://www.rwedp.org
13. Reid H.F., Smith K.R. and Sherchand B. (1986). Indoor smoke exposures from traditional and improved cook stoves: comparisons among rural Nepali women.  Mountain Res. Dev., 6, 293-304 

14. Salway S.M. and Nasim, S.M. 1994.  Levels, trends and causes of mortality in children below 5 years of age in Bangladesh: findings from a national survey.  Journal for Diarrhoeal Diseases Research 12(3), 187-193.

15. Smith K.R., Aggarwal, A.L. and Dave, R.M. 1983. Air pollution and rural biomass fuels in developing countries: a pilot village study in India and implications for research and policy.  Atmospheric Environment, 17 (11), 2343-2362.

16. Tremeer B.G. and Jawurek H.H. 1996. Comparison of five rural, wood burning cooking devices: efficiencies and emissions.  Biomass and Bioenergy.  11(5), 419-430. 

17. WHO (1987) Indoor air pollution study, Maragua area, Kenya.  WHO/UNEP Global Environmental Monitoring System.  Publication WHO/PEP/87.1, World Health Organization, Geneva.

18. WHO (1988) Indoor air quality in the Basse area, the Gambia.  WHO/UNEP Global Environmental Monitoring System.  Publication WHO/PEP/88.3, World Health Organization, Geneva.

19. Zhang J. and Smith K.R. 1996. Hydrocarbon emissions and health risks from cook stoves in developing countries.  Journal of Exposure Analysis and Environmental Epidemiology  6 (2), 147-161.

