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Summary
Worldwide, more than three billion people are dependent on the burning of solid fuel for cooking and heating of their houses. Incomplete combustion products emitted into the indoor air form a health threat, especially for women and young children. Air quality is also influenced on a local and global scale and the unsustainable harvesting of fuel wood leads to deforestation.
Many programs run worldwide to provide the poorest households with improved cookstoves (ICSs); devices designed to make combustion more efficient and those with chimneys should remove harmful emissions from the indoor environment. Cookstove programs vary considerably in size, scope, type of stove and financial mechanisms. To evaluate the impact of ICS programs, there is a need for evaluation studies involving standard monitoring methods. The feasibility of the various monitoring procedures differs between, on one hand, large scale governmental projects and on the other hand, small scale NGO- or privately funded projects. When a limited number of households is participating in a cookstove program it might be challenging to evaluate the success of it. The resources spent on the evaluation should be proportional to the size and funding of the cookstove program. In other words, an evaluation study needs to be efficient. This thesis focuses on the following question: 
How to evaluate the success of a small scale cookstove program? 
In this thesis four evaluation objectives are discussed; adoption and use, indoor air pollution, stove efficiency and health. For each of the objectives an overview is given of study designs and methods used in exemplary studies. On the basis of this overview an advice is given whether a focus on that objective is considered useful for the evaluation of a small scale cookstove program. The main considerations hereby is the required study size for statistically significant data. Basics of the statistics involved in ICS evaluation studies are explained in Appendix A. The measuring methods for the useful evaluation objectives are further described and discussed In Appendix B.  
To evaluate the success of a small scale cookstove program a focus on indoor air pollution is considered most useful. An ICS can have a large influence on indoor air pollution, so it is likely that a difference will be detectable with a small sample size. The most informative data to obtain is the indoor air PM2.5 concentration.  Measuring CO or personal PM2.5 should only be used additional to indoor air PM2.5 measurements.  
A focus on stove efficiency should be used when a cookstove program was primarily initiated to reduce deforestation. A kitchen performance test that measures fuel use in a household over a number of consecutive days will provide useful data. Focusing on health outcomes is only feasible when questionnaires are used for self-reported symptoms associated with smoke exposure .
The preferred study is in all cases the before-and-after design, because it requires the smallest sample size. In this study design measurements are performed in households before and after implementation of the improved stove. 


1. Introduction
In developing countries, indoor air pollution far outweighs the outdoor air pollution. The main indoor source is the incomplete combustion of solid fuels as wood, charcoal, cow dung and agricultural residues in open fires or in traditional cookstoves. This is estimated to cause 2 million premature deaths annually (WHO, 2009). Worldwide, more than three billion people are still dependent on the burning of solid fuel for cooking and heating of their houses (WHO, 2007). 
Especially woman and their young children are exposed to indoor air pollutants for many hours a day. 24-hour mean levels of fine particles which penetrate the lungs, can rise to 1000 µg/m3 while the current limit set by the US Environmental Protection Agency is 25 µg/m3 (WHO 2005). Inhalation of these fine soot particles can result in acute lower respiratory infection (ALRI), which is the major cause of mortality in children aged 1-5 years (Bassani et al., 2002). When indoor air contains elevated concentrations of carbon monoxide, nitrogen dioxide, formaldehyde, a range of volatile organic compounds and carcinogenic polycyclic aromatic hydrocarbons, it forms a serious risk of adverse health effects (Naeher et al., 2006). Exposure to biomass smoke has been associated with eye discomfort, headache, acute respiratory infections, chronic obstructive pulmonary disease (COPD), lung cancer, asthma, cancer of the nasopharynx and larynx and tuberculosis (Ezatti & Kammen, 2002). Also, low birth weight and stillbirth are associated with indoor air pollution from solid fuel use (Pope et al., 2010).
[image: ]Apart from direct adverse health effects, inefficient household combustion processes pose problems on a wider scale (figure 1). Due to the inefficiency of the traditional cookstoves, women spent many hours each day cooking and collecting fuelwood. Time that could otherwise be spent on education or income-producing activities. Collecting and carrying the fuelwood causes physical stress and the women are possibly exposed to gender violence, including abduction and rape (Chynoweth & Erin, 2007). Traditional stoves are also a major risk factor for burns, scalds, and injuries. Unsustainable harvest of fuelwood can cause deforestation and influence the watershed function of an area and destroy wildlife habitat (Geist & Lambin, 2001). Furthermore, emission of greenhouse gases and black carbon influences air quality on a local and global scale. Ludwig et al. (2003) found that domestic combustion of solid fuels contributes 7 to 20% of the global budget of greenhouse gasses CO2, CO, and NO. Figure 1:  the wider effects of traditional household biomass fuel use 
(source: Wilkinson et al., 2009)

Worldwide many programs have been initiated to disseminate and promote the use of improved cookstoves (ICSs). ICSs are designed to make combustion more efficient and those with chimneys should remove harmful emissions from the indoor environment. Improved cookstove development started in India in early 1950s and ICSs have been implemented on a large scale in 1970s and 1980s. Focus of the programs was in first instance on fuel efficiency and its link to deforestation. The attention shifted to indoor pollution once an increasing number of health effects was associated with the emissions from cook fires.  90% of all cookstoves distributed globally in the 1980s were in China. The Chinese National Improved Stove Project (CNISP) is an example of very successful cookstove distribution at a large scale. It has not only been the largest program, but also the most cost effective (Smith, 1993). Many other programs however, have run into challenges surrounding adoption  of the improved cookstoves. The Indian National Program on Improved Chulhas was not able to achieve a significant sustained improvement in its major goals of fuel efficiency and deforestation (Kishore & Ramana, 2002). However, for many stove programs its success rate is not known, or not published. Data on the evaluation of stove programs is scattered and barely comparable due to many different ICS designs and fuel types. 
[bookmark: TOC-China---Chinese-National-Improved-St]Currently more than 160 cookstove programs are running globally. They range in size, scope, type of stove and financial mechanisms (Ruiz-Mercado et al, 2011). In 2010 the Global Alliance for Clean Cookstoves was formed.  The Alliance’s "100 by 20" goal calls for 100 million homes to adopt clean and efficient stoves and fuels by 2020. India launched a new National Biomass Cookstoves Initiative to provide 160 million households with ICSs. Not only large-scale governmental programs are set up, but also numerous  NGO- and privately funded initiatives aim to provide ICSs to the poorest households all over the world. Lewis and Pattanayak (2012) state that in order to achieve ICS use on a large scale, there is a need for a firm empirical basis to answer the questions regarding dissemination and adoption of ICSs. In addition, scientific learning about marketing and financing of implementation programs is deemed to be of vital importance. To evaluate the impact of ICS programs, there is a need for evaluation programs using standard monitoring methods on adoption rate, changes in indoor air pollution, fuel use and health effects. 
The feasibility of the various monitoring methods differs between, on one hand, large scale governmental projects and on the other hand, small scale NGO- or privately funded projects. The latter mostly deal with a shortage of time, funding, measurement equipment and small study populations. Despite this, they do need to gather statistically significant data to be able to conclude whether a program is cost-effective, achieving its goals and if it is worthwhile expanding.
This thesis focusses on the following question: How to evaluate the success of small scale improved cookstove programs in the household situation? 
Chapter two discusses for four evaluation objectives whether a focus on that objective is feasible for a small scale cookstove program. This discussion is based on selected studies and their results. In chapter three conclusions are drawn and recommendations are given for the design of a cost- and time efficient evaluation program. Appendix A describes essential statistics for evaluation studies. Appendix B gives a detailed description of recommended measurement methods.


2. Evaluation objectives 
[bookmark: _GoBack]This chapter investigates exemplary studies, study designs and results for four different evaluation objectives. A very thorough search for evaluation studies was conducted. Selection criteria for inclusion were as follows; Studies that compared an ICS situation with a traditional stove situation; studies that conducted the evaluation in the household situation, studies maximally published 15 years ago, studies giving information about statistical analysis.
For each of the evaluation objectives is discussed whether it forms a feasible focus for an evaluation of small scale cookstove programs. This discussion is primarily based on the study size. In this thesis, a small scale cookstove program is defined to involve 15-30 households. These households are situated in the same village, or in multiple villages closely together in one geographic region. 

Evaluations of cook stove programs have one or more of the following objectives:
· Adoption and use 
· Indoor air pollution (IAP)
· Stove performance
· Health
Ideally, an evaluation study should address all objectives, but this is often not possible for small scale ICS programs. One of the most important factors in designing an evaluation study is the required sample size for sufficient statistical power. When only a small number of households is involved in a cookstove program, probably all households will have to participate in the evaluation study. When the study size is small, it is important to choose an evaluation objective to focus on. Another important consideration is the study design. Evaluation studies use three types of designs:
· Before-and-after: In this study design, IAP, stove efficiency or health outcomes are measured in a household before the ICS is installed and again in the same household after the ICS is installed. Since households serve as their own control, variability is low. Therefore this study design requires the smallest sample size. A drawback is the long follow-up time, which makes it likely that participants move out of the area or refuse to participate any longer. Factors that influence stove use can change in a household during the follow-up time. Local food patterns can change from one month to another, which will influence stove use. The resulting difference in IAP between the measurements before and after implementation of the ICS is in that case not only caused by the presence of the improved cookstove. 

· Before-and-after with control: In this study design, IAP, stove efficiency or health outcomes are measured before the ICS is installed and again in the same households after a part of the households received an ICS. The households that still have the traditional stoves serve as control group. This study design accounts for changes in households that affect stove use, assuming that these are the same for the control group and the households with ICSs. When local food patterns change, the change will be the same for all participants. In that way a true comparison can be made between the IAP before and after implementation of the ICS. A large total sample size is required for this study design. 

· Cross-sectional: In this study design, IAP, stove efficiency or health outcomes are measured simultaneously in households with traditional stoves and households with ICSs in one geographic area. This study design requires the least amount of time, but a relatively large sample size, because of variability between the households. Since households that adopted the ICS are probably different from households who still use the traditional stove, there is a risk of confounding.
For a description of essential statistics involved in designing an evaluation study, see appendix A.

2.1 Adoption and use 

ICS adoption has a significant positive association with higher socioeconomic status, income, education, higher fuelwood price and large household size. Negatively associated with adoption are socially marginalized status and age of head of the household (Lewis & Pattanayak, 2012). Consumers might not be willing to invest in an improved cookstove, because they do not know or value the benefits of it (Pattayanak and Pfaff, 2009). Where most ICS programs nowadays highlight the health benefits, it seems that initially households respond most to fuel savings, speed of cooking, convenience and compatibility with local cooking practices (Ruiz-Mercado et al., 2011). Nonetheless, women overwhelmingly rely on the traditional cookstove. Field observations reveal that in many cases the ICS is not used exclusively, but additional to the traditional stove (Burwen & Levine, 2012). Increasingly, the presence of multiple cooking devices is being documented as the ‘norm’ in developing country households (Ruiz-Mercado et al., 2011). Barnes et al (1994) summarize the conditions for the success or failure of the ICSs adoption as, ‘no matter how efficient or cheap the stove, individual households have proved reluctant to adopt it if it is difficult to install and maintain or less convenient and less adaptable to local preferences than its traditional counterpart’.

The frequency at which households use an improved stove is obviously an important determinant in the success of an ICS program. However, it is often not a separate objective of evaluation, but incorporated in general household questionnaires. Stove use is then treated as a covariate in indoor air pollution, stove performance or health outcomes. Only a small number of studies have measured the adoption and use frequency after implementation. So far, the only quantitative method to test the use of an ICS are temperature dataloggers, so called Stove Use Monitors (SUMs). Information collected can be used to analyze the frequency of stove use, the burn time for each use, and the rate at which cooks are feeding firewood into the stove. SUMs offer the opportunity to compare adoption rates between different improved stoves, stove programs or subpopulations in one program. Table 1 shows studies that evaluated stove use with SUMS. 

A focus solely on adoption is not considered useful for the evaluation of a small scale cookstove program, since it does not say anything about the positive impact of the improved stove on the members of a household . Gathering information on stove use to treat it as an important determinant for one of the other three evaluation objectives is very important, though. 

Table 1 Evaluation studies focusing on adoption and use of the ICS
	Study
	Method
	Study size

	Research question
	Results

	Ruiz-Mercado et al (2008)
	SUMs installed in ‘old’ and new ICS
	5 yr old ICS: 10
new ICS: 40
	How quickly after training are people using the ICS? How long does it take before a newly installed ICS is used as frequently as an ICS that was installed 5 years ago?
	Significant increase in the median hours of stove use from week one (50 hrs) to week two (88 hrs), followed by a period of greater stability (78 hrs), similar to that of the older stoves (79 hrs), with a greater degree of variability despite a four times greater sample size.

	Burwen & Levine (2012)
	SUMS installed in all stoves of treatment and control households
	households 
using ICS: 48
households
using TS*: 38
	To what extent does the  ICS replace the TS?
Does the use of an ICS reduce overall stove use?
	Having an ICS installed in the household reduced use of traditional stoves (P<0.05), TS used 7 hrs/day
ICS used 2.5 hours/ day.
Overall stove use was not reduced (10.72 h total for controls, 9.59 h for treatments).

	Mukhopadhyay et al (2012)
	SUMS installed in two types of ICSs
	Philips ICS: 9 Oorja ICS: 8

	Which ICS has the highest acceptability amongst rural communities in India?
	Use events per day
Philips: 1.68 Oorja: 0.67
Hours per day
Philips: 1.84 Oorja: 0.79


* TS=traditional stove
2.2 Indoor air pollution (IAP)

Biomonitoring
Biomonitoring is a technique to assess exposure to chemicals by analyzing samples from body tissues and fluids. After a chemical has been taken up, it can reside in the body or it is excreted. The chemical can be found in original composition or as a metabolite in the blood, tissues or urine. These biomarker levels represent the absorbed dose of a chemical and are therefore sometimes considered the ‘gold standard’ for exposure assessment. However, biomonitoring of biomass smoke exposure is complicated. First of all, the composition of smoke varies depending upon fuel source, fuel moisture, and combustion conditions (Naeher et al., 2007). Second, biomarker levels are potentially confounded by cigarette smoking, non-biomass combustion emissions and dietary sources of biomarker compounds. Simpson & Naeher (2010) critically reviewed the compounds that are currently being evaluated as biomarkers of exposure to wood smoke and concluded that so far, they all proved to be somewhat limited in regard to sensitivity and specificity. Taking samples for biomonitoring may not be easy, especially for women in rural areas, which makes it harder to recruit participants. Laboratory facilities are needed for sample analysis, which can be challenging in the countries where many of the ICS programs run. The studies using biomonitoring for IAP exposure (table 2) yielded statistically significant data with relatively small study sizes. However, taking into account the difficulties concerning biomonitoring of smoke exposure, it is not considered useful for the evaluation of a small scale cookstove program with a limited budget. 

Personal or indoor air monitoring?
For personal monitoring, participants have the measuring equipment attached to their bodies. In the case of fine particles, participants carry a pump around their waste that draws air through a sampling device. In the case of CO or other gaseous substances, participants wear color-changing tubes or small data-loggers. The equipment should be attached to the clothing, as close as possible to the breathing zone. The participants wear this equipment for the duration of the sampling, during their daily activities. 
Indoor air monitoring is done by stationary measuring equipment in the house. The sampling devices are located at a standardized distance from the cookstove and doors or windows, at breathing height. Sample time is usually 24 or 48 hours and the measurements are logged.

Personal monitoring introduces more variability than indoor air monitoring. Subjects move around; they visit other people’s homes with other types of cookstoves, they may visit polluted areas or they change their every-day routine because of the sampling device. The decision for personal or indoor air monitoring mainly depends on the evaluation question. When exposure needs to be assessed for specific groups, like children or cooking women, personal monitoring is more suitable. When emissions of the stove itself need to be assessed, indoor air monitoring in the cooking area gives more accurate information. 


Table 2:  Studies that assess exposure to indoor air pollution by biomarker measurements
	Study
	Study design
	Study size
(Number of participants)
	Biomarker
	Results

	Diaz et al 2007
	Cross-sectional 
	TS: 98
ICS: 106
	The level of CO in exhaled breath
	Median CO in exhaled breath was significantly reduced (P=0.0005) in the plancha group at all follow-up periods, declining from around 9 ppm at baseline to 5 ppm 18 months after installation of planchas.

	Clark et al 2007
	Cross-sectional
	TS: 8 
ICS: 12 
	Urinary methoxyphenols

	16 of the 19 methoxyphenols measured were lower in the urine of cooks using the ICS; and 11 of the 19 compounds were lower in the urine of non-cooks from homes using the ICS. However, the statistically significant association between IAP levels in the kitchen and the urinary biomarker is not strong.

	Li et al 2011
	Before-and-after
	57
	Urinary biomonitoring of 10 PAH* metabolites
	A significant reduction for 7 out of 10 urinary hydroxylate PAH metabolites (OH-PAHs) was 19%–52%.


*PAH=polycyclic aromatic hydrocarbon
PM2.5 and CO
Smoke from biomass fuels contains thousands of chemicals, but exposure assessment for indoor air pollution is in the vast majority of cases based on PM2.5 and CO levels. Particulate matter (PM) in the respirable ranges (PM<2.5µm) is the principal pollutant associated with acute lower respiratory infection (ALRI) in children and COPD in adults (Neaher et al., 2007). The WHO guideline for mean 24-hour exposure is 25 µg/m3. The PM2.5 concentration in smoking rooms on airports in the United States was found to be around 200 µg/m3 (CDC, 2012). Concentrations in houses with traditional cookstoves have been reported to be up to 1250 µg/m3 (table 3). Thus far, the lowest concentration after implementation of an ICS was 70 µg/m3. This value still exceeds the WHO guidelines almost three times. Most studies, however, report a PM2.5 concentration after implementation of the ICS that exceeds the guidelines at least 10 times. 

Carbon monoxide (CO) is also a health-damaging chemical and the most abundant pollutant originating from incomplete combustion processes. The recommended WHO European Guideline (2010) for average 24-hour exposure is 6 ppm. Average levels in households in the US are 0.5-5 ppm and even 5 to 15 ppm near a properly adjusted gas stove (EPA). In urban traffic environments of large European cities, the 
8-hour average carbon monoxide concentrations are generally lower than 17 ppm (WHO, 2010). The highest reported CO concentration in table 3 is a 24-hour average of 22 ppm. After implementation of the ICS, some studies reported CO levels that were slightly above the WHO guidelines, but in most cases the CO levels were reduced to acceptable levels. 

It is not necessary to measure both PM2.5 and CO in a household when an evaluation question is more specific than to assess the overall impact of an ISC on IAP. For instance, it can be useful to focus on measuring PM2.5, because of its serious adverse health effect on children. Research has been conducted to explore the efficacy of personal CO exposure as a proxy for personal  PM2.5 exposure. Personal CO is easy to measure with color changing tubes (dosimeter tubes), but for personal PM2.5 measurements, there is not such an easy method. Neaher et al (2001) suggest that CO may only serve as a proxy for PM2.5 exposure when cookstoves cause very high pollution levels. Northcross et al (2010) concluded that the use of color changing CO tubes is a reliable if not perfect proxy for PM2.5 exposure. They advise to only use it in large-scale epidemiology studies where measuring personal PM2.5 exposure would be impossible. It is therefore not advisable to only measure CO levels when one wants to evaluate the impact of ICSs on indoor air pollution. 

Table 3 gives an overview of studies that compared emissions of PM2.5 and CO from traditional stoves and improved stoves. All studies used questionnaires as an additional data source to correct for other interacting variables. 


	Study
	Study design
	Study size
(number of households)
	Type of ICS
	Reduction of PM2.5 levels in indoor air
(µg/m3)
	Reduction of CO levels in indoor air
(ppm)

	Albalak et al 2001
	Cross-sectional
	TS: 10
ICS: 10
(24-hour avg)
	Plancha
	85% (PM3.5, p=<0.001)
TS-ICS: 1560-280*
	-

	Chengappa et al 2007
	Before-and-after 
	60 (48-hour avg)
	Chulcha
	44% (p<0.01)
TS-ICS: 650- 470 
	70% (p=<0.001)
TS-ICS: 7.8-2.8 ppm

	Dutta et al 2007
	Before-and-after 
	110 (48-hour avg)
	Vented ICS
	24% (p <0.06)
TS-ICS: 1250-940
	39% (p <0.008)
TS-ICS: 10.82-6.65

	
	
	
	Unvented ICS
	49 % (p <0.079)
TS-ICS: 950-550
	38% (p <0.024)
TS-ICS: 11.11-6.91

	Masera et al 2007
	Before-and-after 
	60 (48-hour avg)
	Patsari CS
	67% (p < 0.001)
TS-ICS: 1020-340
	66% (p < 0.001)
TS-ICS: 8.88-2.66

	ENPHO 2008
	Before-and-after
	47 (24-hour avg)
	Mud brick ICS
	66% (p=<0.001)
TS-ICS: 2130-730
	62% (p=<0.001)
TS-ICS: 22.17-8.35

	Smith et al 2010
	Cross sectional
	Kitchen
TS: 38 ICS: 39
Children 
TS: 253 ICS: 262
Mothers 
TS: 263 ICS: 269
(48-hour avg, for personal and indoor air)
	Chimney stove
	-
	Kitchen: 90% (p<0.001)
TS-ICS: 7.5-0.8
Children: 52% 
(personal, p<0.001)
TS-ICS: 2.0-1.0
Mothers: 61% (personal, p<0.001)
TS-ICS: 3.6-1.4

	Li et al 2011
	Before-and-after
	44 (48-hour avg, for personal and indoor air)
	Chimney stove
	47% (personal, p=<0.001)
TS-ICS: 133-70
	50% (personal, p=<0.01))
TS-ICS: 1.2-0.6

	
	
	
	
	57% (p=<0.001)
TS-ICS: 188-77
	74% (p=<0.001)
TS-ICS: 3.5-0.9


Table 3: An overview of studies investigating emission of CO and PM2.5 in the household situation after installation of ICS.
*Levels from traditional stove (TS) and improved stove (ICS)

The studies shown in table 3 reported a 24-85% reduction in PM2.5 levels and a 38-90% reduction in CO levels. The study sizes of these exemplary studies range from 5 to 110 households for indoor air exposure and from 30 to 269 participants for personal exposure. Highly significant differences in exposure were found for both the cross-sectional and the before-and-after designs. The Albalak (2001) study is a typical example of an efficient small scale evaluation. Only a small sample size was needed in this study because the households were selected based on comparability. Appendix A describes how to estimate the minimal required sample size for evaluation studies that focus on indoor air pollution. 

Focusing an evaluation on indoor air pollution is considered feasible for a small scale cookstove program. Both a before-and-after design and a cross-sectional design can be used. Exposure assessment should be based on CO and PM2.5 measurements, not on biomonitoring. A detailed description of the various measurement methods is given in Appendix B. 

2.3 Stove performance

[image: ]Stove performance can be expressed as fuel use, cooking time or combustion efficiency. Higher combustion efficiency will lead to shorter exposure duration, less harmful indoor pollutants and lower risk of burns (fig 2). A lower demand of fuel wood will reduce deforestation and reduced emissions of greenhouse gases and black carbon will influence air quality on a local and global scale.Figure 2: The interacting benefits of higher combustion efficiency


Stove performance tests
Stove performance tests can be done in the household situation under controlled or uncontrolled conditions.  The standardized cooking test (SCT) measures the amount of fuel used per unit of standardized meal cooked. The kitchen performance test (KPT) measures fuel use over a longer period in one household, resulting in an estimate of fuel consumption per person per day.

The studies in table 4 reported a reduction of fuel use ranging from 21% to 67%. The kitchen performance tests with a before-and-after design were able to gain statistically significant data with relatively small sample sizes. This type of testing is considered the best way to understand the stove’s impact on fuel use because it occurs in the homes of stove users. This method can be intrusive in a household and it is hardly possible to control for sources of variability. The KPT measures the actual fuel use of a household over 3-7 consecutive days. (For a discussion on the sampling time of the KPT, see Appendix B.) The Berrueta et al (2007) study used a 3-day kitchen performance test and is a typical example of an efficient small scale evaluation. Because of the before-and-after design a sample size of only 8 households was sufficient for statistically significant data.

Table 4: examplary studies on stove efficiency
	Study
	Study design
	Type of ICS
	Method
	Study size
(number of households)
	Reduction of fuel use

	McCracken & Smith 1998)
	Cross-sectional
	Plancha stove
	SCT
	TS: 5
ICS: 6
	Not significant
TS-ICS: 3.84-3.09 kg wood consumed per task

	Boy et al 2000
	Cross-sectional
	Plancha stove
	SCT
	TS: 20
ICS: 21
	39% (p<0.01)
TS-ICS: 1.93-1.18 kg fuel  per adult male equivalents

	Bailis et al 2007
	Before and after
	Sukhad stove (Develop-ment Alternatives, India)
	7-day KPT in two seasons
	21
	Summer season:
18% (p<0.001)
TS-ICS: 18.3-15 MJ per capita per day
Winter season:
19% (p=0.001)
TS-ICS: 23.8-19.2 MJ per capita per day

	Berrueta et al 2008
	Before-and-after
	Patsari stove
(GIRA project)
	3-day KPT after 6 months 
	21
	57% (p<0.001)
TS-ICS: 3.4-1.4 kg wood per capita per day

	
	
	
	3-day KPT after 12  months
	8
	67% (p<0.001)
TS-ICS: 3.4-1.1 kg wood per capita per day

	Adkins et al, 2010
	Cross-sectional
	Ugastove
	SCT
	TS: 30
ICS: 30
	46% (p<0.001)
TS-ICS: 0.59-0.31 kg fuelwood per kg food 

	
	
	Stovetec
	SCT
	TS: 30
ICS: 30
	38% (p<0.001)
TS-ICS: 0.59-0.35 kg fuelwood per kg food

	Burwen & Levine 2012 
	Cross-sectional
	Mud stove
	SCT
	TS: 278
ICS: 239
	Not significant
Difference  TS and ICS: 92 grams of wood




Focusing an evaluation on efficiency is only applicable when the ICS and TS use the same fuel and when the stove is not used for heating of the house. In the first case, fuel use will be hardly comparable. In the second case, higher efficiency will increase fuel use. Reduction of fuel use, as measured in the KPT, could be restricted by the ‘rebound effect’ in which the lower cost of cooking increases fuel consumption.  Investigators should also realize that the detectable difference in fuel use might be small when people use the ICS next to a traditional stove. Barnes (1994) remarks: “Most people in the stove community now agree that a 50 percent decrease in fuel consumption should be considered a major achievement and that programs should be content with savings of 25% or even less.” 

Choosing stove efficiency as the focus for a small scale evaluation program is only considered feasible when a kitchen performance test with a before-and-after design is used. A detailed description of this method is given in Appendix B. 

2.4 Health

Health improvement data for ICS programs is mostly obtained from standardized questionnaires that  assess a range of respiratory disease symptoms. This provides an indication of whether a participant’s respiratory and other health problems have improved since the installation of the ICS, but it does not accurately diagnose diseases such as lung infections or COPD. For an actual diagnosis a physician based assessment is necessary. This is very time- and resource consuming, since it requires frequent visits by well-trained fieldworkers, visits to a clinic or sample analyses in a laboratory. Adding to the difficulty of measuring health improvement is the fact that some of the health outcomes have long latency periods and that there may be many different confounding factors.

The Romieu (2009) and Clark (2009) studies (table 5) indicate that it is not easy to show an association between cookstove type and health indicators as lung function or CRP levels. Lung function does not change rapidly and it is very variable between subjects. For both lung function and CRP levels applies that they are influenced by many other factors next to biomass smoke exposure. Consequently, a large sample size is required for significant data. Therefore measuring lung function or CRP is not considered feasible for the evaluation of a small scale cookstove program. 

It is likely that a large percentages of women who cook on a traditional stove suffer from throat- and eye irritation. These symptoms will be very much reduced with an improved stove, especially when it has a chimney.  Using questionnaires for such self-reported symptoms associated with smoke exposure could give statistically significant results in small sample sizes. Only a before-and-after study is considered feasible, since this design corrects for the many confounding factors that health indicators are subject to. See Appendix B for more details regarding health questionnaires.

	Study
	Study design
	Method
	Study size

	Results

	Khusk et al 2005
	Cross-sectional
	A questionnaire was used in a face-to-face interview with women. Self-reported acute respiratory and eye symptoms of the last 1 month suggestive of infection and irritation due to IAP were inquired.
	ICS: 45
TS: 114
	No evidence of association between cookstove type and self-reported symptoms.

	ENPHO 2008
	Before-and-after 
	A set of standardized questionnaires addressing symptoms related to upper respiratory infections of the mother and children were administered twice: 
before and after installation of ICS in all the 36 households.
	Mothers: 36
Children: 26
	Reported coughing events
Adults:
TS- ICS: 55.6% to 16.7%
Children:
TS- ICS: 96.2% to 46.2% 
Reported eye irritation
Mothers :
TS- ICS : 75% to 8.3%  
Children:
TS- ICS: 50% to 7.4% 

	Romieu et al 2009
	Cross-sectional
	Monthly visits over 10 months to women in Mexico to obtain lung function measurements 
(FEV1, FVC, FEV1/FVC ratio, FEF25–75, and PEF) 
	ICS: 228
TS: 198
	Significantly less FEV1decline among ICS users (31 ml) than among the open fire users (62 ml) over 1 year of follow-up. No significant difference for the other lung function measurements.

	Clark et al 2009
	Cross-sectional
	Lung function measurements (FEV1 and PEF)
Blood levels of carbon reactive protein CRP (indicator of respiratory inflammation)
	ICS: 41
TS: 38
	No evidence of associations between cookstove type or air quality measures with lung function or CRP.

	Burwen & Levine 2012
	Cross-sectional
	Household questionnaire that asked participants about their symptoms related to exposure to smoke when cooking and about a variety of respiratory ailments they or their children suffer from 
	ICS: 225
TS: 255
	Percentage of participants reporting symptoms:
Cough
TS- ICS: 0.27-0.16
Difficulty breathing
TS- ICS: 0.27-0.12
Over the five symptoms surveyed, 34% of controls reported at least one symptom in the previous week versus 17% of treatments (P<0.01)


Table 5: Studies assessing health improvement

3. Conclusion and recommendations
The evaluation objectives, associated measurement methods and study designs in table 6  are feasible for the evaluation of a small scale cookstove program. For a detailed description of methods see Appendix B. 
	Evaluation objective
	Feasible methods
	Study design

	Indoor air pollution
	Measuring PM2.5 and/or CO
	before-and-after, cross-sectional 

	Stove efficiency
	Kitchen performance test
	before-and-after

	Health	
	Standardized questionnaires
	before-and-after 


 Table 6 Feasible objectives, methods and study designs

For all evaluation studies a before-and-after design is preferable, because it reduces variability in the data and consequently requires a smaller sample size. It should be noted that this is only the case when the measurements before and after implementation of the ICS are conducted in the same season and when occurring changes in a household are recorded with an additional questionnaire on the household situation and cooking habits. 
To evaluate stove efficiency or health in a small sample size, only a before-and-after design is considered useful. The sample size will be too small to account for the large variability of fuel use between household in a cross-sectional study. Measuring in one household, so that it serves as its own control will most likely yield statistically significant data. For health outcomes the same applies. Health is subject to many confounding factors and only a before-and-after design will correct for this. When a stove program is already running and a before-and-after study is not possible, a focus on indoor air pollution is the only option. However, when the stove program still has to start, a focus on indoor air pollution is also considered most useful. An ICS can have a large influence on IAP, so it is likely that a difference will be detectable with a small sample size. Thereby, IAP is an important factor of people’s health in developing countries. 
The most informative data is the indoor air PM2.5 concentration. PM2.5 causes severe adverse health effects and levels are found to exceed air quality guidelines up to 50 times. Indoor air monitoring gives information about emissions of the stove in a household. It is not intrusive and variability is smaller than in personal monitoring. The UCB monitor is the best choice for its low cost and ease of use. Sampling for 24 hours will make data comparable to health standards and is long enough to reduce variability and keep resource requirements low. Measuring CO or personal PM2.5 should only be used additional to indoor air PM2.5 measurements.  
A focus on stove efficiency should only be used when a cookstove program was primarily initiated to reduce deforestation or fuel gathering time for women. A 4-day kitchen performance test with a before-and-after design will provide useful data in that case. Focusing on health outcomes is feasible when questionnaires are used for self-reported symptoms associated with smoke exposure. Since these symptoms will be very much reduced with an improved stove, a small sample size can give statistically significant data. Investigators should consider to use the health questionnaires additionally to the measurements for indoor air pollution or stove efficiency. In all cases it would be best to adopt a questionnaire that was used in a cookstove evaluation before. 




Appendix A Statistics of evaluation programs
An evaluation program needs to be time- and cost efficient. In general, an efficient evaluation program chooses the smallest study size that will still give statistically significant results. Edwards et al (2007) wrote a thorough and very clear article on design considerations for field studies of changes in indoor air pollution due to improved stoves. That article forms the basis of the following chapter.  
This minimum study size depends on parameters as the power, p-value, number of tails in the test and the detectable difference. Study design and variability in the measurements have an influence on study size as well. 
· The power is a measure for the sensitivity of a study. The higher the power, the lower is the chance of a false negative decision. In the case of ICS, this is the chance of failing to observe a difference between the traditional stove and the ICS, while the ICS did in fact change IAP, fuel use or health. Power analysis can be used to determine the minimum study size with a predefined effect size. In general, a power of 80% is used for standard statistical tests.

· The P-value is the chance of a false positive decision. In the case of ICS, this is the chance of deciding that the ICS changes IAP, fuel use or health, while in fact it did not. A p-value of 5% is generally used for statistical tests.

· The number of tails in a test can be one or two. If it is reasonable to expect only a decrease or only an increase, a one-tailed test is done. If there is a chance of either a decrease or an increase, a two-tailed test is done. In case of ICS evaluations, it is necessary to use a two-tailed test, since there are examples of studies that show an increase of IAP or fuel use with improved stoves.

· The detectable difference is an estimation of the minimum effect that can be detected with p<0.05. There is no standard convention for this factor, the investigators will have to make the estimation themselves based on laboratory tests, pilot studies or relevant literature. The detectable difference for CO and PM2.5 levels can, for instance, be estimated from table 3 in chapter two.

Variability of measurements (CV)
The variability of the measurement values is expressed in the coefficient of variation (CV), which is equal to the relative standard deviation (SD). This type of variability is caused by day to day differences in one household, by differences between households and by variability in the measurement equipment. The higher the CV, the bigger the study size needs to be to reach statistically significant results. These CV values will have to be obtained from literature, (laboratory) pilot studies, or determined during the fieldwork. When data is analyzed regularly during the fieldwork, the required sample size can be adjusted  and the study will go on until the required sample size is reached.


Study size
With tables A1, A2 and A3 it is possible to estimate the required study size for respectively a cross-sectional study, a before-and- after study and a before-and-after with control group study. These tables are adopted from Edwards et al (2007) and were developed for measurements of indoor air pollution.  However, they are also applicable for measurements on fuel use. A 2-tailed test, a power of 80%, a p-value of 0.05 and a normal distribution are assumed. A detectable difference and CV have to be estimated by the investigators. Table A1 shows study size calculations for a cross-sectional study design. For example, with an expected detectable difference in IAP of 50% and a CV of 0.6, the required sample size is 23 per group, so 23 households with improved stoves and 23 households with traditional stoves. When CV is 0.7 and the estimated detectable difference is 80%, which can be the case when household go from a 3-stone fire situation to an improved stove with chimney, only 12 households per group are needed. 

For all study sizes it is recommended to plan more samples then strictly required. Samples can be lost due to equipment malfunction or unexpected cooking behavior of the households. Extra samples will also make up for an underestimation of the CV or an overestimation of the detectable difference. The HEH project, a large evaluation program in India and Mexico sampled 30% more homes then were strictly required (Smith et al, 2007)
Methods to reduce sample size
To reduce the sample size one could:
a) choose the study design that requires the smallest sample size
b) reduce variability (make CV smaller)
c) choose to be satisfied with a higher minimally detectable difference
a) The before-and-after study design requires the smallest sample size, because the variability within one household is smaller than the variability between households. Factors as house size, cooking habits, ventilation and number of household members will all be the same, only the type of stove will be different. The before-and-after study design is only applicable when an evaluation program is designed together with the implementation program. This is not always the case. When there are no measurements available from before implementation of an ICS, only a cross-sectional study design can be used. The cross-sectional design requires a sample size twice as high as a before-and-after design, but it is faster and does not require follow-up of the participants. 
b) Variability in IAP in real household settings tends to be large, but there are possibilities to lower the CV. Strict adherence to the protocols for all aspects of using the measurement equipment will reduce variability. Equipment that is not functioning according to certain set criteria, should be pulled out of service. Conducting measurements of IAP for at least 24 hours will reduce the impact of short-term variability. Even more reduction can be achieved by measuring for 48 or 72 hours. It is also possible to take repeated measurements during cooking activities. For fuel use it is important to measure multiple days, since cooking habits have a day-to-day variability. Additional factors that can have an influence on the CV are weather conditions, the number of members in the household and special occasions that require different cooking patterns. Sampling households that are comparable in these aspects, will reduce variability.
c) When a stove program has a set goal to lower IAP by a certain percentage, it is not necessary to look at lower detectable differences to asses if the program meets its goals. It is also possible to decide on forehand that a stove program is not efficient enough when IAP is not reduced with at least 60%. As mentioned before, the detectable difference can be up to 90% when a 3-stone fire is compared to an ICS with chimney. This estimation is not reasonable when the ICS has no chimney, or when a new ICS is replacing an old generation ICS. The observed difference for fuel use is generally lower; between 25% and 50%. It is much harder to give a similar estimation for the quantitative health effects. There is not much data on the topic, and the available data is scattered. Much smaller detectable differences must be estimated when people are not using the ICS for all cooking tasks, but next to one or more traditional stoves. 
[image: ]Table A1: Sample size required in each group in cross-sectional designs to evaluate improved compared to traditional stoves.
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Table A2:  Sample size required for paired before-and-after designs(no control group) to evaluate improved compared to traditional stoves


Table A3: Total sample size required for before-and-after designs with control group to evaluate improved compared to traditional stoves
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Appendix B Measurement methods
Indoor air pollution
Duration of measurements
Most air quality guidelines are expressed as personal 24-hour averages, so measuring for full days will make data comparable with the guidelines. Long sampling periods will reduce short-term variability, but the resource requirements will rise very rapidly. Long sampling times can be problematic for personal monitoring. It is uncomfortable for a participant to sleep with measuring devices and some of those can only measure for 8 hours. The investigators will have to choose a sampling time based on acceptable variability and comfort for the participant. 

Additional questionnaires
All of the IAP studies shown in table 3 used questionnaires to gain data on interacting variables. In most cases this included a household questionnaire before the measurements that asked for house characteristics, household size, stove characteristics, fuel, and cooking patterns. After the measurements participants were given a questionnaire that asked for their cooking activities during the time of monitoring and about other sources of air pollution. For an example of such a questionnaires, see the ENPHO (2008) report. For personal monitoring it is advisable to have participants fill in a time-activity log.
Methods for personal PM2.5 monitoring
Personal PM2.5 monitoring is in most studies done with a gravimetric pump with cyclone. Subjects carry a battery-driven pump around their waist that draws air through the dust sampler, called a cyclone. Cyclones function on the same principle as a centrifuge. Smaller particles are whirled up onto a filter for collection and analysis. Larger particles fall into a grit pot and are discarded. The cyclone is attached to the clothing nearest to the breathing zone. This method is considered the standard for personal PM2.5 monitoring. Using this method makes exposure data comparable with other evaluation studies. The pumps and cyclones are costly and subjects might find the pumps restraining in their daily activities.
Methods for indoor air PM2.5 monitoring
For monitoring indoor PM2.5 levels multiple options are available. There are gravimetric methods that use stationary pumps, filters and size-selective samplers. These methods require laboratory back-up and give average multi-hour concentrations. The high PM concentrations in rural households pose a risk of overloading the filter. It is also possible to use continuous data-logging instruments, but they are expensive and need electricity to charge their built-in batteries. Because of the difficulties with the two mentioned measurement devices, the University of California Berkeley developed a monitor for use in developing countries. This UCB monitor relies on sensors from a commercial residential smoke alarm that combines ionization and photoelectric sensor chambers. The UCB does not select particles, but the photoelectric sensor is most sensitive to PM2.5. Real-time readings are logged and can be downloaded to a PC. The advantage of the UCB are its low cost and ease of use in the field. The UCB monitor has demonstrated good agreement with gravimetric PM2.5 samples in field validation studies, but there is substantial variation among individual monitors (Chowdhury et al., 2007). 

Methods for personal CO monitoring
The cheapest personal CO monitoring devices are dosimeter tubes. These small glass tubes contain a chemical that changes color with exposure to CO.  They are easy to use; once attached to clothing nearest to the breathing zone, the tube end must be broken off and the sampling starts. Dosimeter tubes are easy to wear for participants, but are less suitable for children because they are made of glass. They give time-weighted average concentrations for up to 8 hours, but are not as accurate as other methods since they lack a clear numerical reading.
Another option for personal CO monitoring is a portable CO data-logger. These devices are small, have long battery-life, are not expensive and easy to use. They have to be programmed by a PC and data needs to be downloaded from it regularly.
Methods for indoor air CO monitoring
Electro-chemical gas monitors are used for indoor air CO monitoring. They measure the concentration of CO by oxidizing it at an electrode and measuring the resulting current. An electrochemical gas monitor that is used often in evaluation studies is the HOBO® Carbon Monoxide Data Logger. It is battery operated and data can be downloaded to a PC. Production of this device has been discontinued by the manufacturer, but the portable CO data-logger, as mentioned before, is proposed as an alternative.

Table B1 summarizes the feasible methods to evaluate exposure to IAP in the household situation. 
    Table B1: Available methods to evaluate exposure to indoor air pollution
	Data
	Equipment
	Type of measurement
	(dis)advantages
	Exemplary studies

	PM2.5
personal


	Gravimetric pump with cyclone
	Time-weighted average 
	+ considered the standard
-  expensive equipment
-  analysis in laboratory
-  uncomfortable for  
   participant
-  not suitable for children
	Sinton et al 2004
Clark et al 2009
Li et al 2011



	PM2.5 indoor air
	Light scattering monitors 
	Logged real-time measurements
	- short battery life
- expensive equipment
- complicated equipment
	

	
	UCB monitor
	Logged real-time measurements
	+ low cost
+ easy to use
+ long battery time
-  variation among monitors
	Chengappa et al 2007
Masera et al 2007
ENPHO 2008

	
	Gravimetric air sampling devices
	Time-weighted average
	- analysis in laboratory
- chance of overloading filter
	Naeher et al 2000

	CO 
personal
	Dosimeter tubes
	Time-weighted average 
	+ easy to wear on clothes
+ inexpensive
-  Not suitable for children
-  Not as accurate as other 
   methods
	Sinton et al 2004
Smith et al 2010
Burwen et al 2012



	
	Portable CO logger
	Logged real-time measurements
	+ Easy to wear on clothes
+ very long battery-life
	Li et al 2011
Mukhopadhyay et al 2012

	CO
indoor air
	Electro-chemical gas monitor
	Logged real-time measurements
	+ very long battery-life
-  expensive equipment
	Sinton et al 2004
Smith et al 2007



Stove efficiency
The Kitchen Performance Test (KPT) can be used for solid, liquid and gaseous fuels. Before the test, the initial stock of fuels is weighed. Participants can be provided with fuel by the investigators, or they can collect their own. Every day the fuel consumption is recorded by an investigator weighing the remaining fuel. Also recorded is the number of people that ate their meals in the household since the last visit, plus their gender and age. With this information the number of standard adult persons served per amount of fuel is calculated. The KPT should be performed in the same households, before and after they receive an improved cookstove. 
Table B2: Details regarding the kitchen performance test
	Method
	Data
	Type of measurement
	(dis)advantages
	Exemplary studies

	KPT
	Per capita fuel consumption

	Time-weighted average 
	+ only test for actual household   
    situation
+ based on simple principles
+ no complicated equipment
-  intrusive for household members
-  time consuming
	Wallmö & Jacobson 1998
Berrueta et al 2007
Smith et al 2007




Planning of measurements
Even though households serve as their own control in a study with a before-and-after design, there is potential bias, because of the time span between the two sets of measurements. Sampling after the implementation of the ICS should not take place too early, because stove users have to learn how to use the stove. But the chance of bias becomes larger when the two measuring periods are further apart. Fuel consumption may change in this time by weather conditions or economic conditions. Or a household might use more fuel in pre-harvesting season than in post-harvesting season. It is important to identify and minimize these sources of bias. The sampling time for the KPT has to be chosen so that variability is maximally reduced, while the impact on participants is as low as possible. The studies shown in table 4 measured fuel use for 7 consecutive days. According to Berrueta et al (2007), ‘This sampling period was determined primarily to cover a week’s activities rather that from statistical rationales’. They state that expanding the measuring time for the sake of variability reduction is not necessary for longer than 4 days. Weekends and holidays should be avoided when sampling is less than a full week.

Additional questionnaires
It is highly advisable to use questionnaires additionally to the KPT. These should gather information on social-economic factors, cooking practices, and strengths and weaknesses in the stove’s performance. The questionnaires should be used for the KPT in the old and the improved stove, to identify any changes in the economic or demographic status of the household.  
Protocol 
A very detailed protocol for the KPT, including questionnaires and calculation forms,  is readily available from the Household Energy and Health Programme http://ehs.sph.berkeley.edu/hem/content/KPT_Version_3.0_Jan2007a.pdf

Health impacts
The impact of an ICS on health can be assessed with standardized questionnaires on respiratory symptoms. Examples of these are the British Medical Research Council questionnaire on respiratory symptoms (Cotes & Chinn, 2007) and the questionnaire from the American Thoracic Society and the Division of Lung Diseases , the ATS-DLD-78. Questionnaires like these are not developed for households in the developing world and need alterations to fit local circumstances. Except the ENPHO (2008) study, none of the studies in table B3 specify which questionnaire was used for the evaluation. In general the occurrence and frequency of the following symptoms in adults or children are surveyed: sore throat, cough, phlegm, difficulty breathing and eye irritation. The questionnaires should be administered twice; before and after installation of the ICS. 
Table B3: Details regarding questionnaires on respiratory symptoms
	Method
	Data
	(dis)advantages
	Exemplary studies

	Standardized questionnaires
	Self-reported
symptoms of respiratory illness

	+ low cost
- no accurate diagnoses of disease
	Sinton et al 2004
Diaz et al 2007
Burwen & Levine, 2012
ENPHO 2008




For an example of the American Thoracic Society questionnaire, both for children and adults see: http://www2.kumc.edu/ceoh/skhs/documents/Appendix5-final.pdf. 
For an example of a questionnaire used for the evaluation of an ICS program, see the ENPHO (2008) Report. 
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