Are cleaner cooking solutions clean enough? A systematic review and meta-analysis of particulate and carbon monoxide concentrations and exposures 
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Abstract
Background: Globally, approximately 3 billion primarily cook using inefficient and poorly vented combustion devices, leading to unsafe levels of household air pollution (HAP) in and around the home. Such exposures contribute to nearly 4 million deaths annually (WHO 2018a, 2018b). Characterizing the effectiveness of interventions for reducing HAP concentration and exposure is critical for informing policy and programmatic decision-making on which cooking solutions yield the greatest health benefits. 
Methods: This review synthesizes evidence of in-field measurements from four cleaner cooking technologies and three clean fuels, using field studies aimed at reducing HAP concentration and personal exposure to health damaging pollutants (particulate matter (PM2.5) and carbon monoxide (CO)). Fifty studies from Africa, Asia, South and Latin America, provided 168 estimates synthesized through meta-analysis. 
Review Results: For PM2.5 kitchen concentrations, burning biomass more cleanly through improved combustion stoves (ICS) with (n=29; 63% reduction) or without (n=12; 52%) venting  (through flue or chimney) and through forced-draft combustion (n=9; 50%) was less effective than cooking with clean fuels including ethanol (n=4; 83%), liquefied petroleum gas (LPG) (n=11; 83%) and electricity (n=6; 86%). Only studies of clean fuels consistently achieved post-intervention kitchen PM2.5 levels at or below the health-based WHO interim target level 1 (WHO-IT1) of 35g/m3. None of the advanced combustion stoves (gasifiers) achieved WHO-IT1, although no evidence was available for pellet fueled stoves. For personal exposure to PM2.5, none of the ICS (n=11) were close to WHO-IT1 whereas 75% (n=6 of 8) of LPG interventions were at or below WHO-IT1. Similar patterns were observed for CO, although most post-intervention levels achieved the WHO 24hr-guideline level.
Discussion: While clean cooking fuel interventions (LPG, electric) significantly reduce kitchen concentrations and personal exposure to PM2.5 in household settings, stove stacking and background levels of ambient air pollution, have likely prevented most clean fuel interventions from approaching WHO-IT1. In order to maximize health gains, a wholistic approach jointly targeting ambient and household air pollution should be followed in lower-and-middle income countries. 
Background
Globally, some 3 billion people burn solid fuels (e.g., wood, dung, charcoal) in inefficient and poorly vented combustion devices such as three-stone-fires or rudimentary stoves as their primary means of cooking (Bonjour et al 2013, IEA et al 2020). The resulting household air pollution (HAP) contributes to over 3.8 million premature deaths per year and almost 127 million disability-adjusted life-years from heart disease, stroke, chronic obstructive pulmonary disease and lung cancer, making it a leading risk factor for global morbidity and mortality (WHO 2018a, 2018b), as well as contributing to global climate warming (Lacey et al 2017). 

In recognition of the need to support countries tackle the high disease burden attributed to polluting household energy use, the World Health Organization (WHO) issued the WHO Guidelines for indoor air quality: household fuel combustion (WHO 2014) (hereafter the WHO Guidelines). These WHO Guidelines provide normative recommendations in the form of particulate matter (PM2.5) and carbon monoxide (CO) emission-rate performance targets for household energy devices (e.g., cookstoves) to achieve the WHO air quality annual and interim-1 PM2.5 guideline levels of 10 g/m3 (0.01 mg/m3) and 35 g/m3 (0.035 mg/m3)  respectively, and the 24-hour average air quality CO guideline of 7 mg/m3 (WHO 2006, 2010).  

HAP concentrations of fine particulate matter are often several times higher than WHO Guidelines, with global estimates for 24 hour mean kitchen concentrations in wood-using homes ranging from ~500-1000 g/m3 (Balakrishnan et al 2014, Pope et al 2017). The interim PM2.5 air quality target was developed to provide an incremental step for air quality improvements in settings where it may be unrealistic to achieve guideline levels quickly. Considering the very high-levels of PM2.5 associated with inefficient cooking, the WHO interim target-1 (WHO IT-1) is referenced throughout this analysis. 

Policies and programs supporting the promotion, sales and dissemination of lower emissions stoves and fuels have sought to mitigate this health burden. The policies and interventions range from large national efforts such as India’s Pradhan Mantri Ujjwala Yojana program to increase access and use of liquified petroleum gas (LPG) (Dabadge 2019, Tripathi and Sagar 2019), to artisan stove-makers building and selling relatively simple stoves to local populations (Hyman 1987, Orr et al 2015). Characterizing the effectiveness of these interventions on reducing HAP and associated exposures is critical for understanding which solutions are likely to result in the greatest health benefits. With increasing international focus on the importance of meeting Sustainable Development Goals 3 (ensure healthy lives and promote wellbeing for all at all ages) and 7 (universal access to affordable, reliable, modern energy by 2030) to address the substantial global health burden from reliance on polluting cooking, this review provides timely and crucial evidence.

Importantly, the path to clean household energy will include transitional steps as the cleanest options may not be feasible in many contexts due to infrastructure, resource, or other access constraints. In these cases, the cleanest possible solutions should be prioritized (WHO 2014). The impact of multiple stove use, or stove “stacking”, can have dramatic impacts as even nominal traditional stove use can substantially elevate HAP concentrations, and thus displacement of high emission stoves is as critical as the performance of the “cleaner” technology or fuel (Johnson and Chiang 2015). Synthesizing the HAP and exposure evidence associated with household energy transitions is needed to inform smart policy, investment, and programmatic decisions and, in turn, expedite attainment of public health benefits from clean cooking.

While there have been efforts to systematically review and synthesize the effectiveness of household energy interventions (Balakrishnan et al 2014, Pope et al 2017, Quansah et al 2017), more evidence of different and promising interventions has recently become available. Newer technologies which aid combustion with forced-draft and/or pellet fuels, for example, have been introduced as interventions in sub-Saharan Africa, Asia, and elsewhere (e.g. (Champion and Grieshop 2019, Hill et al 2019, Nightingale et al 2018). Additionally, interventions with gas and liquid fuels such as ethanol and LPG have also been evaluated (e.g. (Alexander et al 2018, Bruce et al 2018, Clasen 2020, Delapena et al 2018)), in addition to emerging studies of cooking with electricity providing more evidence of what exposure reductions can be achieved with these clean burning options (references).	Comment by Pope, Daniel: Ubuoh EA, Nwajiobi, B. Implications of different household cooking energy on indoor air quality in urban and semi-urban settlements in Imo, South Eastern Nigeria.  J Appl Sci Environ Manage 2018; 22(5): 725-729. https://dx.doi.org/10.4314/jasem.v22i5.23.
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This paper explicitly builds on the systematic review of household energy interventions presented in Pope et al. (2017), augmenting the dataset to include these new studies. The Pope et al. 2017 review concentrated on available evidence for solid fuels stoves with very limited information on clean fuels technologies, and performed a meta-analysis of the PM2.5 and carbon monoxide (CO) kitchen concentrations and personal exposures associated with those interventions. Here we add new research to summarize the evidence of the impact of various categories of stove and fuel combinations on kitchen concentrations and personal exposures of PM2.5 and CO. This review further establishes evidence for the interventions which have a longer history of evaluation (e.g. chimney and natural draft wood stoves (Kirby et al 2019, Young et al 2019)), and updates the synthesis to provide valuable new information on current and potentially more promising intervention scenarios such as LPG, alcohol and electric stoves.


Methods
This systematic review and meta-analysis adheres to the PRISMA guidelines for reporting and provides a comprehensive assimilation and synthesis of the current evidence base for field-based studies of household air pollution (PM2.5 and CO) from cleaner cooking technologies and fuels in lower-and-middle-income-country (LMIC) settings. The focus of the review is on the “real-life” effectiveness of interventions, as distinct from studies conducted in artificial contexts such as laboratory-based studies based on emissions, field-based controlled cooking tests, or trials instructing exclusive use of an intervention. The review focussed on published and unpublished literature from 1998 to 2019, representing 30 years of intense activity in the field of household air pollution and prevention strategies. 
A comprehensive search strategy was employed with searches across (i) the main bibliographic databases (PubMed, Ovid (Medline) and Scopus), (ii) the grey literature (including environmental databases (Environment Complete, GreenFILE) and Google Scholar) and specialist relevant websites, (iii) personal communication with stakeholders and research leads and (iv) reference tracking of all included studies. All searches were conducted on 16 July 2020.
Search terms were refined for each bibliographic database and included a combination of index terms and free-text words. For Google Scholar, search terms included a combination of each stove/ fuel type with “indoor air” or “household air” and the first 100 ‘hits’ were reviewed. See supplementary information for the search terms used.
Study Eligibility
Population: 
Populations from LMICs who predominantly rely on biomass, coal or kerosene as the primary baseline household energy source. All geographical contexts (urban, peri-urban or rural) were eligible. For personal exposure to household air pollution, measurements from both adults and children were included.
Interventions: 
The review broadly grouped interventions into cleaner cooking technologies and clean fuels, classified into 7 categories. Cleaner cooking technologies included (i) ‘improved’ solid fuel stoves without venting (e.g. chimneys), (ii) ‘improved’ solid fuel stoves with venting, (iii) ‘complex’ interventions including multiple components (e.g. stove modifications, smoke hoods etc), and (iv) advanced combustion solid fuel stoves (e.g. stoves with a fan to aid combustion or that use a modified biomass fuel (e.g. pellets)). Clean fuels included (i) alcohol fuels, (ii) gas (LPG, biogas, natural gas) and (iii) electricity. 
Comparison: 
Solid fuels, biomass or kerosene used for cooking in open fires or traditional stoves.
Outcome: 
Quantitative measurements of HAP containing respirable particulate matter (PM < 10 microns) and/or CO. Measurements needed to represent at least one full day of cooking (sampling HAP for at least 24 hours (+/- 2 hours)); studies with less than 22 hours duration were excluded as not representing daily time-weighted averages. For both pollutants, measurement of concentrations (levels in kitchens) and personal exposure (measured in adults and/ or children) were included. For each study/ intervention it was therefore possible to have up to four estimates of HAP: kitchen PM, kitchen CO, personal PM and personal CO. 
Eligible study designs included randomized controlled trials (RCTs), before-and-after studies with or without a control group and cross-sectional study designs. For before-and-after studies, only intervention group data were used due to the majority not having a control comparison group. 
Study selection 
Titles and abstracts and literature identified from unpublished sources (grey literature and websites) were checked for relevance by two of the review team (NF, RL). The full texts of those potentially meeting the inclusion criteria were screened by four of the review team (NF, RL, KJ, MJ) and independently assessed by an additional reviewer (DP). Those clearly not meeting the inclusion criteria were excluded. At each stage of filtering 20% verification was undertaken independently by two reviewers with any discordant decisions being reconciled amongst the review team. 
Data extraction was conducted using bespoke pre-piloted forms recording author, year, country, season (where applicable), baseline stove and fuel, intervention stove and fuel, study design, duration of follow up, number of homes assessed, analytical or sampling approach, sampling period, baseline and post-intervention data on kitchen concentrations of and personal exposure to PM and CO (mean and standard deviation, where available). One reviewer (one of NF, RL, KJ and MJ) completed each data extraction form with 20% verification through double extraction with another reviewer- discrepancies being resolved through discussion. 
[bookmark: _Toc244016381]Quality appraisal was assessed using tools developed by the Department of Public Health and Policy, University of Liverpool (Liverpool Quality Assessment Tools (LQATs)) (Pope et al 2016). The tools have been used extensively across a wide range of health outcomes (Bruce et al 2015, Garn et al 2017, Ronzi et al 2018, Rehfuess et al 2013) and were the quality assessment instrument selected for systematic review chapters informing the WHO Guidelines (Diekman et al 2014, Bruce et al 2014, WHO 2014). The LQATs allow appraisal of multiple study designs and assign a star rating for methodological quality relating to reduced risk of bias (selection, response, follow-up and measurement), risk of confounding (balance of randomisation and adjustment) and increased accuracy of measurements of exposure and outcome. The star rating can then be used to assess a quality percentage based on the number of awarded stars out of the total available for a specific design. Quality appraisal was undertaken independently by two reviewers (NF, RL) for each included study.
Statistical Analysis
Meta-analyses were conducted for the four distinct HAP outcomes: kitchen PM concentrations (in mg/m3), kitchen CO concentrations (in ppm), personal PM exposure (mg/m3) and personal CO exposure (ppm). Pooling of data required both estimates (means and standard deviations) of baseline concentrations/ exposure and intervention concentrations/ exposure. Standard deviations were calculated from confidence intervals or p-values if they were not readily available. Medians and geometric means were infrequently reported by the studies and were not included in the synthesis, despite often skewed distributions. Generic inverse variance meta-analyses using the Cochrane Collaboration’s RevMan software version 5 (http://www.cc-ims.net/RevMan) were used to obtain pooled absolute mean differences (e.g. intervention levels minus baseline levels) and confidence intervals for each outcome. Statistical heterogeneity for each meta-analysis was assessed through the I-squared test with random-effects meta-analyses (der Simonian and Laird 1986) being used for a test value greater than 20%.	Comment by Pope, Daniel: Der Simonian R, Laird N.  Meta-analysis in clinical trials.  Controlled Clinical Trials 1986; 7: 177-188.
In total seven meta-analyses were possible for each of the four HAP outcomes based on cleaner technology (n=4) and clean fuel (n=3) intervention categories, where data was sufficient for pooling. Each meta-analysis was presented in the form of a Forest Plot and was assessed for potential publication bias through measurement of funnel plot asymmetry (this was done graphically and statistically with Begg’s (Begg 1994) and Egger’s (Egger 1997) hypothesis testing).	Comment by Pope, Daniel: Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for publication bias. Biometrics 1994; 50: 1088-1101	Comment by Pope, Daniel: Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. British Medical Journal 1997; 315: 629-634.
Additional quantitative syntheses of intervention impacts were conducted including (i) calculations of percentage reductions in HAP (based on weighted mean reductions of the four HAP outcomes) for each of the 7 intervention groups and (ii) plots of baseline (no intervention) and intervention levels of the four HAP outcomes against a reference for the WHO Air Quality Guideline level for PM2.5 (Interim-Target 1 35 g/m3) and for CO (24hr target of 7 mg/m3 converted to a value of 6.11 ppm using the formula ppm = (mg/m3 value) x (24.45) / (molecular weight = 28.01), and assuming a temperature of 25°C and a pressure of 1 atmosphere) for each of the 7 intervention groups. 
[bookmark: _Toc244016383]Review Results
The systematic review process yielded a total of 50 studies (168 estimates) to be included in the evidence synthesis (Figure 1). The number of studies included in this review (19 additional studies (59 estimates)) increased by 60% from the previous review by Pope et al (2017) (31 studies (109 estimates)).
In terms of the four HAP outcomes, for kitchen concentrations there were 39 studies (73 estimates) with PM2.5 and 32 studies (59 estimates) with CO; and for personal exposure there were 13 studies (20 estimates) for PM2.5 and 12 studies (16 estimates) with CO. The study characteristics for each intervention type with information relating to the context of HAP measurement including country, study season, design, duration, parameters measured and quality assessment are presented in Tables 1-7. 
Results from the meta-analyses are displayed according to the four primary HAP outcomes, stratified by intervention category, in Figures 2-5. The impacts on the four HAP outcomes of the cleaner cooking technologies and fuels are described below for each intervention category.
Cleaner cooking technologies  
1. ‘Improved cookstoves’ without venting (ICS – no vent)
Nine studies (six in Africa and three in Asia) measured impacts of improved cookstoves using standard combustion (i.e. not enhanced by forced draught or gasification), and without venting. These mainly used rocket-type combustion chambers, although some used these designs with a grate, Table S1. 
[bookmark: _Toc244016389]Kitchen concentrations: particulate matter
Seven studies (12 estimates) measured kitchen PM, 6 before-and-after designs and one RCT. The weighted mean levels were 0.750 mg/m3 at baseline and 0.361 mg/m3 post-intervention, with a weighted mean reduction of 51.9%, Figure 6. Moderate heterogeneity (I2 = 47%) was observed and random effects meta-analysis yielded a pooled effect estimate of -0.23 mg/m3 (95% CI -0.34, -0.12), Figure S1(a). Possible publication bias was indicated by both the Begg test (p=0.099) and the Egger’s test (0.005), Figure S1(b). 
Kitchen concentrations: carbon monoxide
Eight studies (13 estimates) measured kitchen CO, seven before-and-after designs and one cross-sectional design. Weighted means were 11.1 ppm at baseline and 7.0 ppm post-intervention; weighted mean reduction of 36.1%, Figure 6. The pooled estimate in fixed effect meta-analysis (I2 = 0%), was -3.3 ppm (95%CI -4.5, -2.0), Figure S2(a). There was no evidence of publication bias from Begg’s or Egger’s tests (p>0.1), Figure S2(b).
[bookmark: _Toc244016390]Personal exposures: particulate matter and carbon monoxide
No studies provided estimates of personal exposure to particulate matter whereas two studies provided two estimates of exposure to CO (statistically non-significant pooled reduction of -1.7 ppm (95% CI -4.7, 1.3)).
2. “Improved cookstoves” with venting (ICS – vent)
Overall 28 studies - 1, 12, and 15 conducted in Africa, Asia and Latin America respectively - concerned improved cookstoves with venting. Stove models comprised various fixed stove types made of mudbrick (e.g. ENPHO stove), metal (e.g. rocket stove) or brick (e.g. plancha stove), Table S2. 
[bookmark: _Toc244016386]Kitchen concentrations: Particulate matter
Fifteen before-and-after studies (19 estimates) and eight cross-sectional studies (10 estimates) measured kitchen PM. The weighted (for sample size) mean levels for kitchen PM were 0.89 mg/m3 at baseline and 0.33 mg/m3 post-intervention, a weighted mean percentage reduction of 63.3% (Figure 6.1). 
With an I2 value of 86% (p<0.005), random effects meta-analysis was conducted with a pooled effect estimate of -0.45 mg/m3 (95% CI: -0.56, -0.34), Figure S3a. Figure S3b shows the funnel plot. Tests of funnel plot asymmetry were of borderline significance for Begg’s test (p=0.029), and significant for Egger’s test (p<0.0005), suggesting publication bias (likely in the direction of smaller studies reporting a larger reduction in PM). Analysis stratified by study design showed this bias to be significant for before-and-after studies (Begg’s p=0.019; Egger’s p=0.001) but not for cross-sectional studies (Begg’s p=0.210; Egger’s p=0.097).
Kitchen concentrations: carbon monoxide
Twelve before-and-after studies (17 estimates), eight cross-sectional studies (9 estimates) and 1 randomised controlled trial (1 estimate) measured kitchen CO. The weighted mean levels were 11.9 ppm at baseline and 4.2 ppm post-intervention, with a weighted mean percentage reduction of 64.4%, Figure 6.2. 
The pooled effect estimate in random effects meta-analysis was -5.62 ppm (95% CI: -7.09, -4.16), Figure S4(a). Tests for funnel plot asymmetry were non-significant for Begg’s test (p = 0.182), but significant for Egger’s test (p=0.012) (Funnel plot Figure S4(b)), potential publication bias being in the direction of smaller studies reporting larger reductions in CO. Publication bias was significant for before-and-after designs (Begg’s p=0.127; Egger’s p=0.025) but not for cross-sectional studies (Begg’s p=0.466; Egger’s p=0.114).
[bookmark: _Toc244016387]Personal exposures: particulate matter
Seven studies, 4 before and after studies and 3 cross-sectional studies, provided nine estimates of personal PM. The weighted mean levels were 0.697 mg/m3 at baseline and 0.171 mg/m3 post-intervention, with a weighted mean reduction of 75.5%, Figure 6.3. 
There was significant statistical heterogeneity (I2 = 100% (p<0.0005)), and random effects meta-analysis yielded a statistically non-significant pooled estimate for absolute reduction in personal PM of 0.28 mg/m3 (95% CI: -0.67, 0.11), Figure S5(a). There was no statistical evidence of publication bias according to Begg’s (p=0.175) and Egger’s (p=0.404) tests, Figure S5(b). 
Personal exposures: carbon monoxide 
Eight studies measured personal CO: one RCT (two estimates), three before-and-after studies (four estimates), and four cross-sectional studies (5 estimates). The weighted mean levels were 3.6 ppm baseline and 1.6 ppm post-intervention; weighted mean reduction of 55.1%, Figure 6.4. 
Statistical heterogeneity was observed (I2 = 84% (p<0.0005)) and the pooled effect estimate in random-effects meta-analysis was -1.36 ppm (95% CI: -1.90, -0.81), Supplementary Figure S6(a). There was no statistical evidence of publication bias in studies of personal CO according to Begg’s (p=0.169) and Egger’s (p=0.264) tests, Figure S6(b).
3. Complex (multi-facetted) interventions
[bookmark: _Toc244016391]Two before-and-after studies in Kenya and Sudan provided estimates on the impact of multi-component interventions (combinations of a hood with flue venting outside the house, 'improved' stove, fireless cooker and LPG, determined according to user preferences) (Table S3) including 2 estimates for kitchen concentrations of PM2.5 (pooled reduction of -0.23 mg/m3 (95% CI -0.36, -0.10) with a 44.8% reduction in weighted mean concentration) and 3 estimates for kitchen concentrations of CO (pooled reduction of -2.2 ppm (95% CI -7.6, 3.2) with a 45.4% reduction in weighted mean concentration), Tables 1 and 2. 
4. Advanced combustion (“gasifier”) solid fuel stoves
Four studies (3 conducted in India and 1 in Laos) addressed impacts of advanced combustion solid fuel stoves, all before-and-after studies. Stove models comprised free convection-, forced convection- and forced-convection combined with optimized fuel stoves, Table S4. 
[bookmark: _Toc244016392]Kitchen concentrations: particulate matter
The four studies provided nine estimates of kitchen PM2.5 with weighted means of 0.611 mg/m3 at baseline and 0.308 mg/m3 post-intervention, resulting in a weighted average PM reduction of 49.5% (Figure 6). Fixed effect meta-analysis (I2 = 0%), yielded a pooled effect estimate of -0.23 mg/m3 (95% CI: -0.32, -0.15), (Figure S7a). No evidence of publication bias was observed with Begg’s (p=1.0) and Egger’s (p=0.458) tests, Figure S7b.
Kitchen concentrations: carbon monoxide 
[bookmark: _Toc244016394]For kitchen CO, three studies provided 7 estimates of effect. The weighted mean values were 10.7 ppm at baseline and 5.4 ppm post-intervention, with a weighted average reduction of 49.5%, Figure 6. In random effects meta-analysis (I2 = 35%), the statistically non-significant pooled estimate was -2.0 ppm (95%CI: -4.0, 0.1) Figure S8a. There was no evidence of publication bias with Begg (p=0.368) and Egger’s (p=0.127) tests, Figure S8b.
[bookmark: _Toc244016397]Clean fuels  
5. Alcohol based fuels (i.e. Ethanol)
Two before-and-after studies conducted in Nigeria, Ethiopia and two regions of Madagascar addressed impacts of ethanol on kitchen concentrations of PM2.5 (4 estimates) and CO (4 estimates); none measured personal exposure to HAP, Table S5. 
[bookmark: _Toc244016398]Kitchen concentrations: particulate matter
For kitchen PM, weighted means were 0.72 mg/m3 at baseline and 0.12 mg/m3 post-intervention, with a weighted mean reduction of 82.8% (Figure 6).
In random effects meta-analysis the pooled effect estimate was -0.58 mg/m3 (95%CI: -0.92, -0.24), with considerable statistical heterogeneity (I2=82%), Figure S9a. Tests for publication bias were non-significant for Begg’s test (p=0.308), but marginally significant for Egger’s test (p=0.056). 
Kitchen concentrations: carbon monoxide
For kitchen CO, weighted means were 33.0 ppm at baseline and 5.9 ppm post-intervention; the weighted average reduction was 82.2%, Figure 6. The high baseline CO values (range 15.0 to 70.5 ppm) are likely to reflect the widespread use of charcoal in these study communities.
In random effects meta-analysis, the pooled estimate was -27.3 ppm (95%CI: -41.5, -13.1), with significant heterogeneity (I2=83%), Figure S10a. Tests for publication bias were non-significant for Begg’s (p=0.089) and Egger’s (p=0.161) tests, Figure S10b.
[bookmark: _Toc244016400]6. Liquified Petroleum Gas (LPG)
Ten studies (5 cross-sectional, 2 before-and-after and 3 randomised controlled trials) assessed the impacts of cooking with LPG on concentrations of and exposure to HAP, Table S6. Study locations included Cameroon, Nigeria, Paraguay, Nepal, Ghana and India. 
Kitchen concentrations: particulate matter
For kitchen PM2.5 (11 estimates), weighted means were 0.65 mg/m3 at baseline and 0.11 mg/m3 post-intervention, with a weighted mean reduction of 83.3% (Figure 6). 
In random effects meta-analysis the pooled effect estimate was -0.52 mg/m3 (95%CI: -0.650, -0.390), with significant statistical heterogeneity (I2=79%), Figure S11a. Tests for publication bias were non-significant for both Begg’s (p=0.169) and Egger’s (p=0.217) tests, Figure S11b. 
Kitchen concentrations: carbon monoxide
For kitchen CO (3 estimates), the weighted means were 14.0 ppm at baseline and 2.7 ppm post-intervention, with a weighted mean percentage reduction of 85.7%, Figure 6. Random effects meta-analysis (I2=83%) yielded a pooled effect estimate of -11.6 ppm (95%CI: -17.5, -5.8), Figure S12.
Personal exposure: particulate matter and carbon monoxide 
Whilst 6 studies provided 8 estimates of the impact of cooking with gas on personal exposure to PM2.5, only one measured CO (mean=0.68ppm; sd=0.32). Weighted mean levels of PM2.5 were 0.58 mg/m3 at baseline and 0.28 mg/m3 post-intervention, with a weighted mean reduction of 74.3% (Figure 6).
In random effects meta-analysis the pooled effect estimate was -0.10 mg/m3 (95%CI: -0.14, -0.06), with significant statistical heterogeneity (I2=84%), Figure S13a. Tests for publication bias were non-significant for the Begg test (p=0.536) and Egger’s test (p=0.066), Figure S13b. 
7. Cooking with electricity
Five studies (all cross-sectional) examined an intervention using electricity for cooking providing 6 estimates for kitchen PM, 2 estimates for kitchen CO and one for personal PM (with no estimates for personal CO), Table S7. Study locations included Nepal, Paraguay and Nigeria. 
Kitchen concentrations: particulate matter
For kitchen PM, weighted means were 0.60 mg/m3 at baseline and 0.08 mg/m3 post-intervention, with a weighted mean reduction of 86.2% (Figure 6). In random effects meta-analysis (I2=95%) the pooled effect estimate was -0.45 mg/m3 (95%CI: -0.77, -0.14), Figure S14a. Tests for publication bias were non-significant for Begg’s (p=0.452) and Egger’s (p=0.292) tests, Figure S14b. 
Kitchen concentrations: carbon monoxide
For kitchen CO, the weighted means were 10.3 ppm at baseline and 0.6 ppm post-intervention, with a weighted mean percentage reduction of 94.6%, Figure 6. Random effects meta-analysis (I2=97%) yielded a pooled effect estimate of -9.5 ppm (95%CI: -27.6, -8.5), Figure S15.

Discussion 

This systematic review synthesises data obtained from studies of estimates for concentrations of and personal exposure to respirable PM and CO. Eligible studies included both cleaner biomass burning stoves (with and without venting, and stoves that include more advanced combustion) and those with clean fuels (ethanol, LPG and electricity).

Intervention impacts on kitchen and personal PM and CO according to WHO guidelines 
Figures 6 to 9 show the effects of the cleaner cookstove and clean fuel interventions for the seven intervention categories for the four HAP outcomes and compared against WHO Air quality guidelines: Global Update 2005 (AQG) reference levels for PM2.5 and the 2009 WHO Guidelines for indoor air quality: selected pollutants for CO (WHO 2006, 2010). 
For kitchen concentrations of PM2.5, all intervention types, and most individual studies, resulted in statistically significant reductions (Figure 2) and observed large percentage and absolute reductions, with only a small number reporting minor reductions or even increases. However, it is notable that only interventions involving very clean fuels (particularly for LPG stoves (11 estimates) and electric stoves (6 estimates)) consistently achieved mean post-intervention levels near or below the WHO AQG IT-1 level (Figure 6). Most of the interventions involving biomass stoves were at much higher PM2.5 kitchen concentrations than WHO IT-1. Among solid fuel stoves, those interventions with chimneys had lower PM2.5 concentrations than those without. None of the advanced combustion stoves (gasifiers) achieved WHO IT-1, although these only included stoves with forced draft combustion (the authors were not able to find any field based data from pellet fuel gasifier stoves). Kitchen PM levels from ethanol cookstove interventions were in general much lower than biomass cookstoves, but above the WHO AQG IT-1 PM2.5 target. 
Similar results were observed for studies measuring concentrations (kitchens) of CO, with some notable exceptions. Like PM2.5, pre-intervention levels of CO showed a great deal of variability with many exceeding the WHO 24-hour guideline value (Figure 7). Post-intervention kitchen concentrations of CO were significantly reduced for both chimney and non-chimney cleaner biomass stoves, as well as ethanol and LPG clean fuel stove interventions (Figure 3). Chimney stoves had the best performance in reducing CO among the solid fuel stoves, and ethanol from the clean fuels. In contrast to the findings for kitchen concentrations of PM (11 out of the 73 cleaner technology and clean fuel interventions achieving the WHO-IT1 Guideline level (Figure 6)), the majority of all types of interventions achieved CO levels at or below the WHO 24-hour Guideline (51 of 59 interventions). 
For personal exposure to household air pollution, baseline levels tended to be lower than for kitchen concentrations for both PM2.5 (Figure 8) and CO (Figure 9). For personal exposure to PM2.5, whilst the data was more sparse, only the interventions involving cooking with advanced combustion cookstoves, LPG or electricity resulted in a statistically significant pollutant reduction (Figure 4), and only LPG interventions consistently achieved levels below or near the WHO IT-1 AQG (Figure 8). All but one of the post intervention levels for LPG were close to or below the WHO IT-1 level of 35µg/m3 for PM2.5, with a 74% (61-83%) reduction observed to a post-intervention level of 58 µg/m3. Excluding the outlier study with an intervention estimate of 195 µg/m3 led to a post intervention average below WHO IT-1 of 33 µg/m3 and a pooled reduction of 78.1%).) For chimney stoves a 76% (19-87%) reduction was observed to a post-intervention level of 171 µg/m3 and for advanced combustion stoves a 20.3% (increase of 12.5% to reduction of 39.5%) reduction was observed to a post-intervention level of 105 µg/m3 (Figure 6).
For personal exposure to CO, chimney stoves, advanced combustion biomass stoves, and LPG interventions resulted in statistically significant reductions. All interventions (both cleaner biomass burning technologies and clean fuels) resulted in levels of personal exposure below the WHO 24-hour guideline level.

Implications for maximising health gains
Combustion derived exposure to respirable PM from active and second-hand smoking, HAP and ambient air pollution have been associated with disease outcomes (pneumonia in children and chronic obstructive pulmonary disease, lung cancer, stroke and ischaemic heart disease) through published exposure-response functions (Burnett et al 2014, 2018, HEI 2020). These mostly non-linear functions (not including lung cancer that appears to have a linear exposure-response relationship) highlight that the risk of disease declines more steeply at lower levels of exposure relative to higher levels.  For this reason it is the post-intervention levels of PM that are particularly important when considering risk on health rather than absolute or relative reductions of HAP. Whilst post-intervention levels varied substantially between interventions, most of those involving cleaner burning biomass stoves were close to the WHO annual PM2.5 IT-1 of 35 µg/m3. Epidemiological studies and related dose-response curves suggest that to have a meaningful positive impact on the burden of disease from household air pollution, interventions need to be consistently at or below the interim guideline level (Burnett et al 2014, WHO 2006). Only clean fuels interventions (studies of ethanol, LPG and electricity) reported mean post-intervention concentrations of PM2.5 close to or at the IT-1 levels (all below 100 µg/m3). For the limited number of biomass burning chimney stoves that achieved post intervention levels to the IT-1 target, further examination of these technologies and the circumstances of their use is warranted (e.g. (Young et al 2019, Terrado et al 2005)), including their impacts on fuel savings and the environment (Johnson et al 2009, Berrueta et al 2008, Granderson et al 2009). 

There are a variety of factors that can contribute to reductions in emissions that affect post-intervention levels with a key influence being the use of multiple fuels and stoves in parallel to the intervention to meet different cooking and home energy needs (Quinn et al 2018, Ochieng et al 2020, Ruiz-Mercado and Masera 2015). This fuel- and/or stove ‘stacking’ is common practice and is increasingly being reported in more recent measurement studies. Considering the substantial impact that ‘stacking’ can have on the level of emissions and exposure in the home, ongoing (and future) efforts to design and promote interventions to reduce HAP and will need to account for these practices to maximize health benefits, for example by understanding and addressing the reasons why people stack and promoting combinations of cleaner interventions. In addition, the effect of lighting, space heating and other combustion sources in and around the home, as well as pollution from other homes and sources in the community, while rarely quantified in evaluation studies, contribute to the observed pre- and post-intervention concentrations and exposures. These factors highlight the need for a comprehensive solution to the HAP problem, with interventions to clean up cooking as well as other household energy uses; this is likely to be more effective if targeted at the community level rather than single households.  

Strengths and limitations

This review represents a comprehensive appraisal of the current evidence base for quantified impacts on key health damaging pollutants of all cleaner and clean cooking solutions tested in field based conditions.  With a 60% increase in the number of HAP measurement studies within a three-year period, this meta-analysis draws on a wide range of published and unpublished sources including appraisal of specialist websites, conference proceedings and through direct communication with lead researchers in the clean cooking sector. Given the wealth of quantitative data available representing 7 distinct intervention categories with impacts on both concentrations (kitchen) and exposure (cooks and children, where available) to PM2.5 and CO,  a variety of approaches have been used to present results from the review using both meta-analytical representation (e.g. forest plots) as well as referencing impacts for users’ needs (i.e. relating values for baseline and post-intervention impacts to WHO AQG values). As one would expect, there is substantial heterogeneity between the included studies in relation to levels of PM2.5 and CO, intervention type, context, circumstances of intervention use and employed methodology. For this reason the synthesis is presented for both individual studies and pooled across studies, allowing consideration of both general conclusions as well as context- and intervention-specific messages.  

Another strength of this review is that it considers kitchen concentrations and exposure measurements from real-life settings in which other stoves, heaters, and lamps may be used concurrently, thus offering a realistic snapshot of HAP levels and exposures in practice. However, it is essential to interpret these measurements as potentially including other background levels of air pollution from household or ambient sources and thus a possible underestimation of the positive effect of cleaner stoves and clean fuels. The observation that clean fuel interventions consistently achieved the WHO IT-1 level for PM2.5 despite potential stacking of fuels within these households, and potential contributions from PM2.5 in ambient air, is noteworthy and suggests that it may be possible to achieve even lower concentrations and exposure if cleaner technologies and fuels are used exclusively within the community.

The results of these evaluation studies provide a useful guide to the HAP and exposure reductions achieved by different cooking solutions; however, the actual performance in any given setting will vary according to the contextual and operational conditions in which the stove/fuel combinations are used, including the housing type and condition, user-needs, geographical and climatic conditions, and many other factors (Rehfuess et al 2014, Puzzolo et al 2016, Stanistreet et al 2014). Results should therefore be interpreted with caution, with the overall pooled results for each stove and fuel type seen as a general guide to what is being achieved, while individual studies can provide more detailed and context-specific insights.  This concern may be especially important for interpreting the cleanest options, such as LPG and electricity, as the user groups who can afford these fuels for cooking often have substantial socioeconomic and demographic differences from biomass users.  At the same time, there is evidence from before and after studies that biomass-using homes transitioning to LPG can achieve low HAP exposures (Johnson et al 2018).

While a greater number of studies are being reported on LPG interventions, a limitation of the current evidence base is the paucity of studies being published on the intervention impacts of advanced combustion stoves and other clean fuels (e.g. alcohol fuels and electricity). There is also a lack of empirical evidence on the direct effects of interventions on personal exposure to PM2.5. This is likely to partly be the result of an historical lack of suitable technology for measuring personal PM, especially in young children, as well as practical challenges involved including cost, and inconvenience to subjects. Moreover, although there are a few large-scale programmes ongoing that provide evidence on intervention impacts, the majority to date have been studies of relatively small projects and programmes. Given that many of these studies are early efficacy studies typically conducted at the beginning of wider programmes, it is not possible to extrapolate their effectiveness in terms of intervention impacts if implemented at scale over the longer term. The durability of the stove technologies over the longer term needs to be considered in terms of their effectiveness beyond the evaluation periods – there is evidence to suggest, for example, that properly maintained LPG stoves might be more robust in their efficacy to reduce household air pollution over time than more advanced biomass cookstoves (Shen et al 2018, Mortimer et al 2016).  However, given the paucity of evidence further research on long term viability of cleaner cooking options in reducing HAP is needed.

One issue identified through the synthesis of evidence for the review was the presence of potential publication bias identified through statistical funnel plot asymmetry when pooling results.  Such bias could have exaggerated observed intervention impacts for reductions in both PM2.5 and CO due to the pooled evidence being based on studies with larger samples of homes with potentially greater reductions in concentrations. Conversely, estimates derived from the included studies would also include contributions to levels of PM2.5 and CO from other sources (for example other use of solid fuels and kerosene for heating and lighting or from ambient sources that would have diluted the observed intervention impacts from cleaner cooking.

Another consideration is that most studies summarised measures of PM2.5 and CO using arithmetic means leading to the syntheses through meta-analyses adopting this metric. Given that the distributions of these pollutants were generally positively skewed, geometric means or medians could have provided more reliable summary measures with use of means potentially leading to exaggerated intervention effects. An important implication of this limitation is that for interventions that achieved levels of kitchen concentrations or personal exposure at or below WHO Guideline levels, larger fractions of the study populations would have met these targets than is suggested by the skewed mean estimates. This warrants consideration of a universal reporting structure for future HAP measurement studies (e.g. inclusion of geometric and arithmetic means, stratified by primary and secondary cooking fuel types) to minimize measurement bias when pooling PM2.5 exposure data in future meta analyses.

Recommendations for research and policy
There is a need for more studies conducted in the field to strengthen the evidence base for more robust assessment of intervention impacts of clean fuel interventions (more on LPG but in particular ethanol and electricity interventions). Such studies should adopt standardized methods to objectively assess the range of potentially health damaging pollutants, at least assessing concentrations of and exposures to both PM and CO. Monitoring of multiple stoves and other combustion devices in the home and immediate vicinity, and their contributions to levels of HAP and exposure quantified where possible is critical to advancing the evidence-base. Similarly, levels of ambient air pollution resulting from household combustion of neighbouring homes and other sources (which may include garbage burning, burning of crop residue, brick kilns, transport, industry and power generation) should be measured to assess the contribution to household levels of and personal exposure to PM and CO.

At the time of presenting the synthesis for the review, a large observational study was published supporting the main message from the review in relation to the importance of cooking with clean fuels over solid fuels and biomass to achieve reductions in HAP to substantively benefit health when used in everyday settings.  In the PURE-AIR study, data on kitchen and personal PM2.5 were collected from 2541 households and 998 individuals from 120 rural communities in Bangladesh, Chile, China, Columbia, India, Pakistan, Tanzania and Zimbabwe (Shupler et al 2020). The authors found that women from households primarily cooking with electricity (48hr mean = 62 µg/m3 (range=50-76)) or gas (48 µg/m3 (43-54)), although typically with additional ‘stacking’ from secondary fuels had significantly lower exposure levels than those using coal (71 µg/m3 (57-86)), crop waste (97 µg/m3 (73-128)), wood (78 µg/m3 (69-89)), dung (146 µg/m3 (110-194)) and shrubs/ grass (147 µg/m3 (109-197)). Whilst exposure to PM2.5 for women using clean fuels were above the WHO IT-1 Guideline level for PM2.5 of 35 µg/m3, the authors note the often high ambient levels of HAP and suggest that “community-level transition to clean cooking fuels, and potentially emissions reductions from other ambient sources” are required to maximise health gains. 

The PURE-AIR study supports the main findings of this analysis, that clean fuel sources are associated with the lowest HAP exposures. In order to bring HAP exposure down to these lower exposure levels across populations, the efforts to characterize effectiveness of interventions and the factors driving contributions to exposure as described above need to be complemented with understanding how those factors can be impacted through policy, pricing, behaviour, and other levers. For example, while venting of stoves is to be encouraged to reduce indoor levels and personal exposures, finding ways to reduce total emissions to the ambient environment (e.g. cleaner combustion technologies or increasing chimney height) is critical to achieving low neighbourhood levels and minimizing exposure of the total population. Similarly, the most effective interventions using clean fuels need to be supported with efforts (e.g. financing mechanisms or comprehensive distribution networks to support continuous household supply of LPG or ethanol) to maximize displacement of traditional technologies. As HAP is influenced by different types of household energy as well as ambient air pollution entering the house, a comprehensive approach towards measuring and addressing HAP is needed. This includes taking heating and lighting into consideration when promoting clean energy use – in addition to cooking.

More high quality and direct feedback of program performance and effectiveness will also help inform decisions and facilitate efforts to maximize exposure reductions. Most critical, the paucity of personal exposure data needs to be addressed. New and more user-friendly instruments for measuring stove usage and exposure are a step in this direction (Burrowes et al 2020, Pillarisetti et al 2019, Wilson et al 2020, Chartier et al 2017, Liao et al 2019, Ventrella et al 2020, Volckens et al 2017), though the management and deployment of these devices still need to be supported by technical know-how. This new technology can enable the design of larger scale studies, such as the PURE-AIR and HAPIN studies (Arku et al 2018, Johnson et al 2020), that include measurements across many countries and/or communities under a harmonized protocol to minimize measurement biases when pooling data across locations in future meta-analyses.

Models to predict HAP exposure have also shown promise to scale-up quantitative exposures to a larger population  (Baumgartner et al 2011, Johnson et al in review (minor revisions), Hill et al 2019, Balakrishnan et al 2013, Sanchez et al 2020, Shupler et al 2018), though additional work is needed to test their performance and reliability across contexts. Biomarkers may also have a role, but need further development to understand how they relate to HAP exposure and health outcomes (Rylance et al 2013, Barr et al 2020).	Comment by Pope, Daniel: Can this now be changed to the published paper.

Johnson M, Piedrahita R, Pillarisetti A, Shupler M, Menya D, Rossanese M, Delapeña S, Penumetcha N, Chartier R, Puzzolo E, Pope D. Modeling approaches and performance for estimating personal exposure to household air pollution: A case study in Kenya. Indoor Air 2021; https://doi.org/10.1111/ina.12790.

A public health problem affecting almost half of the world’s population demands the most-effective evidence-based cooking solutions are rolled out on a large-scale. Whilst there is not a single “one size fits all” solution to the HAP problem, a combination of suitable technologies and programmatic approaches can be employed to meet the needs of specific geographical, socio-economic and cultural settings. Innovations in solid fuel stoves to reduce emissions will continue, however, the post-intervention PM levels of advanced combustion stoves presented here suggests that a lot of progress still needs to be made before a ‘healthy’, scalable biomass stove is available. With a growing evidence base demonstrating (i) generally disappointing post-intervention levels of PM achieved from cleaner biomass burning stoves and (ii) the consistent effectiveness in PM reduction for clean fuel interventions such as LPG, ethanol and electricity in achieving emissions consistent with WHO Guideline levels for health, greater emphasis needs to be placed on scaling adoption of cleaner fuels for policy, practice and programmes. 
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Figure 1: PRISMA Flow Chart
[image: ]
Note: Original = studies from Pope et al, 2017 (up to 31/12/2015).  Update = additional studies from 1/1/2016..



Figure 2: Forest plot summarizing intervention impacts on levels of kitchen PM2.5 (mg/m3)
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New study estimates from updated review indicated with prefix (-)

Figure 3: Forest plot summarizing intervention impacts on levels of kitchen CO (ppm)
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New study estimates from updated review indicated with prefix (-)

Figure 4: Forest plot summarizing intervention impacts on levels of personal PM2.5 (mg/m3)
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New study estimates from updated review indicated with prefix (-)



Figure 5: Forest plot summarizing intervention impacts on levels of personal CO (ppm)
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New study estimates from updated review indicated with prefix (-)




	Figure 6: Pooled weighted mean reductions in household air pollution (PM2.5 and CO) by intervention
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	Figure 6.1: Kitchen concentrations (PM2.5)

	Figure 6.2: Personal exposure (PM2.5)
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	Figure 6.3: Kitchen concentrations (COppm)
	Figure 6.4: Personal exposure (COppm)









Figure 7. Baseline and intervention levels for kitchen PM2.5 (mg/m3) for all improved solid fuel stove and clean fuel interventions in relation to WHO Air Quality Guideline.

[image: Timeline

Description automatically generated]
Note: Reference line indicates the WHO Air Quality Guideline level (Interim Target 1) for annual PM2.5 of 0.035 mg/m3 (WHO 2006). Interventions 1-4 = cleaner cook stoves and 5-6 = clean fuels. 
[bookmark: bf0015]Figure 8: Baseline and intervention levels for kitchen CO (ppm) for all improved solid fuel stove and cleaner fuel interventions in relation to WHO Air Quality Guideline.
[image: ]
Note: Reference line indicates the WHO Air Quality Guideline (AQG) level for 24-hour CO of 6.11 ppm (WHO 2010). This represents the AQG limit of 7 mg/m3 illustrated, converted to a value of 6.11 ppm using the formula ppm = (mg/m3 value) × (24.45) / (molecular weight = 28.01), and assuming a temperature of 25 °C and a pressure of 1 atm. Interventions 1-4 = cleaner cook stoves and 5-6 = clean fuels.

Figure 9. Baseline and intervention levels for personal exposure to PM2.5 (mg/m3) for all improved solid fuel stove and clean fuel interventions in relation to WHO Air Quality Guideline.
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Description automatically generated]
Note: Reference line indicates the WHO Air Quality Guideline level (Interim Target 1) for annual PM2.5 of 0.035 mg/m3 (WHO 2006). Interventions 1-2 = cleaner cook stoves and 3-4 = clean fuels.







Figure 10: Baseline and intervention levels for personal exposure to CO (ppm) for all improved solid fuel stove and cleaner fuel interventions in relation to WHO Air Quality Guideline.
[image: Chart, scatter chart

Description automatically generated]
Note: Reference line indicates the WHO Air Quality Guideline (AQG) level for 24-hour CO of 6.11 ppm. Interventions 1-3 = cleaner cook stoves and 4 = clean fuel.
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[bookmark: _Hlk35611608]Table 1: Summary of included studies: Improved cookstoves without venting (ICS – no vent)
	IMPROVED COOKSTOVES (WITHOUT VENTING)

	Author; Year (reference)
	Country (season)
	Baseline:
Intervention
	Study design
	Duration of follow-up
	Kitchen concentration
	Personal exposure
	Quality assessment

	
	
	
	
	
	PM2.5
	CO 
	PM2.5
	CO
	

	-Hankey 2015(1)
	Uganda (June-August, dry season)
	Traditional/ three-stone fire: Rocket wood (Ugastove)
	Before and after
	1 month
	✓
48-hr
	✓
48-hr
	✗
	✗
	5/10 stars (50.0%)

	-Ochieng 2016(2)
	Kenya
	Traditional/ wood: Rocket mud stove
	Before and after
	10 months
	✗
	✓
48-hr
	✗
	✓
48-hr
	7/12 stars (58.3%)

	-Rosa 2014(3)
	Rwanda
	Traditional/: wood burning rocket stove
	RCT
	5 months
	✓
24-hr
	✗
	✗
	✗
	6/10 stars (60.0%)

	-Sambandam (Sankar) 2014(4)
	India
	Traditional/ biomass (mainly wood or dung): Envirofit-
B1200 biomass natural-draft rocket stove 
	Before and after
	1-6 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	5/10 stars (50.0%)

	
	
	Traditional/ biomass (mainly wood or dung): Envirofit-G3300 biomass natural-draft rocket stove 
	Before and after
	1-6 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	

	
	
	Traditional/ biomass (mainly wood or dung): Prakti-Leo biomass natural-draft rocket stove
	Before and after
	1-6 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	

	Brant 2012(5)

	India
	Traditional/ wood, dung:
B1100-rocket
	Before and after
	5-6 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	9/12 stars
(75.0%) 

	
	
	Traditional/ wood, dung:
Mangala 1-pot
	
	
	✓
24-hr
	✓
24-hr
	✗
	✗
	

	
	
	Traditional/ wood, dung:
Mangala 2-pot
	
	
	✓
24-hr
	✓
24-hr
	✗
	✗
	

	
	
	Traditional/ wood, dung:
S2100-rocket
	
	
	✓
24-hr
	✓
24-hr
	✗
	✗
	

	CEIHD 2006(6)
	Ghana
	Traditional/ biomass:
Enterprise works/ VITA Gyapa Rocket
	Before and after
	<6 months
	✓
24-hr

	✓
24-hr
	✗
	✗
	8 / 12 stars
(66.7%)

	Dutta 2007(7) 

	India
	Traditional/ wood, dung:
Bhagyalaxmi
	Before and after
	12 months
	✓
48-hr
	✓
24-hr
	✗
	✗
	8 / 12 stars
(66.7%)

	Ochieng 2013(8)
	Kenya
	Traditional/ biomass:
GIZ mud rocket
	Cross-sectional
	10 months
	✓
48-hr
	✓
48-hr
	✗
	✗
	7/9 stars (77.8%)

	Pennise 2007(9)

	Uganda
	Traditional/ wood, dung:
UCEODA Rocket 
	Before and after
	1 month to 1 year
	✓
24-hr
	✓
24-hr
	✗
	✗
	6 / 12 stars
(50.0%)



Table 2: Summary of studies included in the systematic review: Improved cookstoves with venting (ICS – vent)
	[bookmark: _Hlk35611885]IMPROVED COOKSTOVES (WITH VENTING)

	Author; Year (reference)
	Country (season)
	Baseline:
Intervention
	Study design
	Duration of follow-up
	Kitchen concentration
	Personal exposure 
	Quality assessment

	
	
	
	
	
	PM2.5
	CO
	PM2.5
	CO
	

	-Alexander 2016(10)
	Bolivia

	Traditional/ biomass: Yanayo stove
	Before and after
	12 months
	✓
24-hr
	✗
	✗
	✗
	8/10 stars (80.0%)

	-Binaya 2017(11)
	Nepal
	Traditional/ biomass:
2-pot mud ICS
	Cross-sectional
	Not described
	✓
24-hr
	✓
24-hr
	✓
24-hr
	✓
24-hr
	7/11 starts (63.6%)

	-Young 2018(12)
	Honduras
	Traditional/ biomass:
Rocket with chimney
	Cross-sectional
	Not described
	✓
24-hr
	✗
	✓
24-hr
	✗
	8/11 stars (72.7%)

	-Zaman 2015(13)
	Bangladesh
	Traditional/ biomass:
Earthen stove
	Quasi RCT
	6 months
	✗
	✗
	✓
24-hr
	✗
	4/10 stars (40.0%)

	Albalak 2001(14)

	Guatemala
	Traditional/ biomass:
Plancha
	Cross-sectional
	Several years
	✓ PM3.5
24-hr
	✗
	✗
	✗
	5 / 7 stars
(71.4%)


	Alexander et al 2014(15)
	Bolivia
	Traditional biomass: Yanayo stove
	Before and after
	12 months
	✗
	✓
48-hr
	✗
	✗
	8/12 stars
(66.7%)

	Brant 2012(5)

	India
	Traditional/ wood, dung:
Mangala 2-pot chimney
	Before and after
	5-6 months
	✓
24-hr
	✓
24-hr)
	✗
	✗
	9/12 stars
(75.0%)

	Bruce et al 2004(16)



	Guatemala
	Traditional/ biomass: 
Plancha
	Cross-sectional
	Several years
	✗
	✓
24-hr
	✗
	✓
24-hr
	8/11 stars (72.7%)

	Chengappa 2007(17)
	India (winter)
	Traditional/ wood, dung:
DA 2-pot with chimney
	Before and after
	12 months
	✗
	✓
48-hr
	✗
	✗
	7/12 stars
(58.3%)

	
	India (summer)
	Traditional/ wood, dung:
DA 2-pot with chimney
	Before and after
	12 months
	✓
48-hr
	✓
48-hr
	✗
	✗
	7/12 stars
(58.3%)

	Choudhury 2012(18) 
	Bangladesh
	Traditional/ biomass:
BCSIR stove
	Cross-sectional
	Not described
	✓
24-hr
	✓
24-hr
	✗
	✗
	7/9 stars
(77.8%)

	Clark et al 2013(19)
	Nicaragua 
	Traditional/ biomass: Prolena eco-stove
	Before and after
	9-12 months
	✓
48-hr
	✓
48-hr
	✗
	✓
48-hr
	9/12 stars
(75.0%)

	Cowlin 2005a(20)

	Mongolia
	Traditional/ coal:
G2-2000
	Cross-sectional
	6+ months
	✓
24-hr
	✓
24-hr
	✗
	✗
	8 / 9 stars
(88.9%)

	
	
	Traditional/ coal:
TT03
	
	
	✓
24-hr
	✓
24-hr
	✗
	✗
	

	Cynthia 2008(21)
	Mexico
	Traditional/ biomass:
Patsari
	Before and after
	1 month
	✓
48-hr
	✓
24-hr
	✓
24-hr
	✓
24-hr
	11/16 stars
(68.8%)

	Dutta 2007(7) 

	India
	Traditional/ wood, dung:
ARTI Laxmi
	Before and after
	12 months
	✓
48-hr
	✓
48-hr
	✗
	✗
	8/12 stars
(66.7%)

	Edwards 2007(22)
	China 
	Traditional/ biomass:
NISP
	Cross-sectional
	Several years
	✓ PM4
22 +/- 1 hr (>20)
	✓
24-hr
	✗
	✗
	6/9 stars
(66.7%)

	ENPHO 2008a(23)

	Dolakha
Nepal
	Traditional/ biomass:
Mudbrick ICS
	Before and after
	< 3 months 
	✓
24-hr
	✓
24-hr
	✗
	✗
	7/12 stars
(58.3%)

	ENPHO 2008b(23) 

	Dang
Nepal
	Traditional/ biomass:
Mudbrick ICS
	Before and after
	< 3 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	7/12 stars
(58.3%)

	ENPHO 2008c(23) 

	Ilan
Nepal
	Traditional/ biomass:
Mudbrick ICS
	Before and after
	< 3 months 
	✓
24-hr
	✓
24-hr
	✗
	✗
	7/12 stars
(58.3%)

	Hartinger et al 2013(24)
	Peru
	Traditional/ biomass: 
Optima
	Cross-sectional
	6-8 months
	✓
48-hr
	✓
48-hr
	✓
48-hr
	✓
48-hr
	8/11 stars
(72.7%)

	ITDG 2005(25)

	Nepal (winter)
	Traditional/ biomass:
Smoke hood
	Before and after
	12 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	10/14 stars
(71.4%)

	
	Nepal (summer)
	Traditional/ biomass:
Smoke hood
	Before and after
	12 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	10/14 stars
(71.4%)

	ITDG 2007(26)
	Nepal

	Traditional/ biomass:
Smoke hood
	Before and after
	6-9 months
	✗
	✓
24-hr
	✗
	✗
	10/14 stars
(71.4%)

	Lam 2012(27)

	Honduras
	Traditional/ biomass:
ECO biomass stove
	Before and after
	3 weeks
	✓
24-hr
	✗
	✗
	✗
	8/12 stars
(66.7%)

	Li 2011(28)

	Peru (winter)
	Traditional/ biomass:
HNP 3-pot metal stove
	Before and after
	3 weeks
	✓
48-hr
	✓
24-hr
	✓
24-hr
	✓
24-hr
	8/12 stars
(66.7%)

	
	
	Traditional/ biomass:
BGC 3-pot metal stove
	
	
	✓
48-hr
	✓
24-hr
	✓
24-hr
	✓
24-hr
	

	Matsumura 2011(29)
	Peru
	Traditional/ biomass:
GIZ 2-pot design
	Cross-sectional
	1-2 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	3/9 stars
(33.3%)

	Naeher 2001(30) 
	Guatemala
	Traditional/ biomass:
Plancha
	Cross-sectional
	Several years
	✓
24-hr
	✓
24-hr
	✗
	✓
24-hr (mothers and children)
	5 / 9 stars
(55.6%)


	PAC 2011(31)
	Madagascar
	Traditional/ biomass:
Fatana pipa 1-pot
	Before and after
	5 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	13/14 stars
(92.9%)


	Singh 2012(32)

	Nepal
	Traditional/ biomass:
2-pot mud ICS
	Before and after
	12 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	7/12 stars
(58.3%)

	Smith et al 2011(33)
	Guatemala
	Traditional/ biomass:
Plancha
	RCT
	18 months
	✗
	✓
24-hr
	✗
	✓
48-hr (mothers and childen)
	12/12 stars (100%)

	Terrado 2005a(34) 
	Nicaragua 
	Traditional/ biomass:
Ecostove (closed)
	Before and after
	1-2 months
	✓
24-hr
	✗
	✓
24-hr
	✗
	9/12 stars
(75.0%)

	
	
	Traditional/ biomass:
Ecostove (semi-closed)
	
	
	✓
24-hr
	✗
	✓
24-hr
	✗
	

	Winrock 2008(35)
	Peru
	Traditional/ biomass:
Rocket with chimney
	Before and after
	12 months
	✓
24-hr
	✗
	✗
	✗
	6/12 stars
(50.0%)


Table 3: Summary of studies included in the systematic review: Complex interventions
	COMPLEX INTERVENTIONS

	Author; Year (reference) 
	Country (season)
	Baseline:
Intervention
	Study design
	Duration of follow-up
	Kitchen concentration
	Personal exposure
	Quality assessment

	
	
	
	
	
	PM2.5
	CO 
	PM2.5
	CO
	

	ITDG 2005(39)
	Kenya
(wet season)
	Traditional/ biomass:
Hood, LPG, improved, vent, fireless cookstove
	Before and after
	12 months
	✓
PM4
24-hr
	✓
24-hr
	✗
	✗
	10 /14 stars
(71.4%)

	
	Kenya 
(dry season)
	Traditional/ biomass:
Hood, LPG, improved, vent, fireless cookstove
	Before and after
	12 months
	✓
PM4
24-hr

	✓
24-hr
	✗
	✗
	10 /14 stars
(71.4%)


Table 4: Summary of studies included in the systematic review: Advanced combustion stoves
	ADVANCED COMBUSTION SOLID FUEL STOVES

	Author; Year (reference) 
	Country (season)
	Baseline:
Intervention
	Study design
	Duration of follow-up
	Kitchen concentration
	Personal exposure
	Quality assessment

	
	
	
	
	
	PM2.5
	CO 
	PM2.5
	CO
	

	- Balakrishnan 2015(36)
	India (Summer)
	Traditional/ wood, dung: Phillips-HD4012-Forced Draft biomass micro gasifier stove
	Before and after
	9-12 months
	✓
24-hr
	✓
24-hr
	✓
24-hr
	✓
24-hr
	5/12 stars (41.7%) 

	
	India (Winter)
	Traditional/ wood, dung: Phillips-HD4012-Forced Draft biomass micro gasifier stove
	
	1-3 months
	✓
24-hr
	✓
24-hr
	✓
24-hr
	✓
24-hr
	

	-Hill 2015(37)
	Lao People’s Democratic Republic
	Traditional/ biomass: ACE 1 Ultra-Clean Biomass Cookstove
	Before and after
	2 weeks
	✓
48-hr
	✗
	✓
48-hr
	✗
	7/12 stars (58.3%)

	-Sambandam (Sankar) 2014(4)
	India
	Traditional/ biomass (mainly wood or dung): Phillips-Natural Draft biomass micro gasifier stove
	Before and after
	1-6 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	5/10 stars (50.0%)

	
	
	Traditional/ biomass (mainly wood or dung): Phillips-HD4012-Forced Draft biomass micro gasifier stove
	Before and after
	1-6 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	

	
	
	Traditional/ biomass (mainly wood or dung): Oorja biomass forced-draft micro gasifier stove
	Before and after
	1-6 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	

	Balakrishnan 2012(38)
	India
	Traditional/ biomass:
Free convection
	Before and After
	Not available
	✓
ns
	✓
ns
	✗
	✗
	8 / 12 stars
(66.7%)

	
	
	Traditional/ biomass:
Forced convection/ optimised fuel
	
	
	✓
ns
	✓
ns
	✗
	✗
	

	
	
	Traditional/ biomass:
Forced convection
	
	
	✓
ns
	✓
ns
	✗
	✗
	


Table 5: Summary of studies included in the systematic review: Ethanol stoves
	ETHANOL STOVES

	Author; Year (reference) 
	Country (season)
	Baseline:
Intervention
	Study design
	Duration of follow-up
	Kitchen concentration
	Personal exposure
	Quality assessment

	
	
	
	
	
	PM2.5
	CO 
	PM2.5
	CO
	

	CEIHD 2007a(9)
	Ethiopia, Kebribeyah
	Traditional/ biomass:
Ethanol Stove
	Before and after
	Not specified
	✓
24-hr
	✓
24-hr
	✗
	✗
	7/12 stars (58.3%)

	CEIHD 2007b(9)
	Ethiopia, Bonga
	Traditional/ biomass:
Ethanol Stove
	Before and after
	Not specified
	✓
24-hr

	✓
24-hr
	✗
	✗
	7/12 stars
(58.3%)

	PAC 2011a(31)

	Madagascar,
Vatomandry
	Traditional/ biomass:
Cleancook ethanol Stove
	Before and after
	5 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	13/14 stars
(92.9%)

	PAC 2011b(31)

	Madagascar, Ambositra
	Traditional/ biomass:
Cleancook Ethanol Stove
	Before and after
	7 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	13/14 stars
(92.9%)




Table 6: Summary of studies included in the systematic review: LPG stoves
	LIQUIFIED PETROLEUM GAS (LPG) INTERVENTIONS

	Author; Year (reference)
	Country (season)
	Baseline:
Intervention
	Study design
	Duration of follow-up
	Kitchen concentration
	Personal exposure
	Quality assessment

	
	
	
	
	
	PM2.5
	CO 
	PM2.5
	CO
	

	-Delapana 2017(40)
	Ghana

	Traditional/ wood: LPG
	Cross-sectional
	Not specified
	✓
48-hr
	✗
	✗
	✗
	4/9 stars (44.4%)

	-Gautam 2008(41)
	India
	Traditional/ biomass:
LPG
	Cross-sectional
	Not specified
	✗
	✗
	✗
	✓
24-hr
	6/9 stars (66.7%)

	-HAPIN 2020a
	Guatemala
	Traditional/ biomass: LPG
	RCT
	2 months
	✓
24-hr
	✗
	✓
24-hr
	✗
	8/12 stars (66.7%)

	-HAPIN 2020b
	India
	Traditional/ biomass: LPG
	RCT
	2 months
	✓
24-hr
	✗
	✓
24-hr
	✗
	8/12 stars (66.7%)

	-HAPIN 2020c
	Rwanda
	Traditional/ biomass: LPG
	RCT
	2 months
	✗
	✗
	✓
24-hr
	✗
	8/12 stars (66.7%)

	-Lewis 2017
	India
	Traditional/ biomass: LPG
	Cross-sectional
	Not-specified
	✓
24-hr
	✗
	✗
	✗
	6/9 stars (66.7%)

	-Lewis 2019
	India
	Traditional/ biomass: LPG
	Cross-sectional
	Not specified
	✓
24-hr
	✗
	✓
24-hr
	✗
	9/11 stars (81.8%)

	-Pokhrel 2015(42)
	Nepal
	Traditional/ biomass:
LPG
	Cross-sectional
	Not specified
	✓
24-hr
	✗
	✗
	✗
	5/9 stars (55.6%)

	-Pope 2018(43)
	Cameroon
	Traditional/ wood: LPG
	Cross-sectional
	Not specified
	✓
48-hr
	✗
	✓
48-hr
	✗
	9/11 stars (81.8%)

	-Tagle 2019(44)
	Paraguay
	Traditional/ wood: LPG
	Cross-sectional
	Not specified
	✓
24-hr
	✓
24-hr
	✗
	✗
	7/9 stars (77.8%)

	-Ubuoh 2018(45)
	Nigeria
	Traditional/ wood: LPG
	Cross-sectional
	Not specified
	✓
24-hr
	✗*
	✗
	✗
	5/11 stars (45.5%)

	ITDG 2005(39)
	Sudan 
(wet)
	Traditional/ biomass:
LPG
	Before and after
	12 months
	✓
24-hr
	✓
24-hr
	✗
	✗
	10/14 stars (71.4%)

	
	Sudan
(dry)
	Traditional/ biomass:
LPG
	Before and after
	12 months
	✓
24-hr

	✓
24-hr
	✗
	✗
	10/14 stars
(71.4%)



* Estimates for CO could not be used as expressed as mg/m3 in the paper.

Table 7: Summary of studies included in the systematic review: Electric stoves
	ELECTRIC STOVES

	Author, Year (reference)
	Country (season)
	Baseline:
Intervention
	Study design
	Duration of follow-up
	Kitchen concentration
	Personal exposure
	Quality assessment

	
	
	
	
	
	PM2.5
	CO 
	PM2.5
	CO
	

	-Lewis 2019	Comment by Pope, Daniel: Michael: Need reference here
	India
	Traditional/ biomass: electric stove
	Cross-sectional
	Not specified
	✓
24-hr
	✗
	✓
24-hr
	✗
	9/11 stars (81.8%)

	-Pokhrel 2015(42)
	Nepal
	Traditional/ wood: electric stove
	Cross-sectional
	Not specified
	✓
24-hr
	✗
	✗
	✗
	5/9 stars (55.6%)

	-Tagle 2019(44)
	Paraguay
	Traditional/ wood: electric stove
	Cross-sectional
	Not specified
	✓
24-hr
	✓
24-hr
	✗
	✗
	7/9 stars (77.8%)

	-Ubuoh 2018(45)
	Nigeria
	Traditional/ wood: electric stove
	Cross-sectional
	Not specified
	✓
24-hr
	✓
24-hr
	✗
	✗
	6/11 stars (54.5%)

	Rollin 2004(46)
	South Africa
Summer (dry)
	Traditional/ kerosene/solid fuel:
electrification
	Cross-sectional
	n/a
	✓
24-hr
	✓
24-hr
	✗
	✗
	6/9 stars (66.7%)
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image2.emf
Intervention Baseline Mean Difference

Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Improved cookstoves - no venting

-Hankey2015(Ugastove) 0.69 0.51 10 1.11 0.89 10 0.7% -0.42[-1.06, 0.22] —
-Rosa2014(EcoZoomDura) 0.485 0.58 60 0.901 1.05 61 1.5% -0.42[-0.72,-0.11] I
-Sankar2014(ICS-Rocket)a 0.345 0.42 12 0.501 0.392 12 1.4% -0.16 [-0.48, 0.17] I
-Sankar2014(ICS-Rocket)b 0.481 0.332 12 0.686 0.782 12 1.0% -0.21[-0.69, 0.28] /71
-Sankar2014(ICS-Rocket)c 0.153 0.12 12 0.173 0.158 12 2.1% -0.02[-0.13, 0.09] T
Brant2012(B1100) 0.28 0.26 39 0.422 0.431 39 2.0% -0.14[-0.30, 0.02] -
Brant2012(Mangala-1) 0.446  0.444 22 0.78 0.7 22 1.4% -0.33[-0.68, 0.01] -
Brant2012(Mangala-2)-2 0.6 0.74 25 1.314 1.145 25 0.9% -0.71[-1.25, -0.18]

Brant2012(52100) 0.172  0.097 19 0.286 0.374 19 1.9% -0.11[-0.29, 0.06] T
CEIHD2006(GyapaRocket) 0.32 0.24 36 0.65 0.49 36 1.9% -0.33[-0.51, -0.15] -
Dutta2007(Bhagyalaxmi) 0.48 0.55 21 0.95 1.2 21 0.8% -0.47 [-1.03, 0.09] T
Pennise2007(ECEODARocket) 1.175 1.535 7 2.287 1.627 7 0.1% -1.11[-2.77,0.55]

Subtotal (95% CI) 275 276 15.8% -0.23[-0.34, -0.12] ¢
Heterogeneity: Tau? = 0.01; Chi? = 20.76, df = 11 (P = 0.04); I* = 47%

Test for overall effect: Z = 4.00 (P < 0.0001)

1.1.2 Improved cookstoves - venting

-Alexander2016(Yanayo) 0.048 0.041 15 0.24 0.21 15 2.1% -0.19[-0.30, -0.08] -
-Binaya2017(Mudstove) 0.375 0.173 3 2.82 1.657 3 0.1% -2.44[-4.33,-0.56] ¢———————————————
-Young2018(Justa) 0.137 0.194 74 0.36 0.374 73 2.1% -0.22[-0.32,-0.13] -
Albalak2001(Plancha) 0.33 0.22 59 1.93 1.28 58 1.4% -1.60[-1.93, -1.27] I
Brant2012(Mangala-2)-1 0.193  0.099 12 0.608 0.604 12 1.4% -0.41[-0.76, -0.07] —_
Chengappa2007(DA) 0.36 0.47 15 0.65 1.001 15 0.9% -0.29[-0.85, 0.27] I
Choudhury2012(BCSIR) 1.38 1.27 19 1.92 1.59 20 0.4% -0.54 [-1.44,0.36] —
Clark2013(EcoStove) 0.406 0.523 25 1.801 1.587 25 0.7% -1.40[-2.05, -0.74]

Cowlin2005(G2-2000) 0.8 0.4 20 0.7 0.5 20 1.6% 0.10 [-0.18, 0.38] T
Cowlin2005(TT-03) 0.6 0.3 18 0.7 0.5 20 1.6% -0.10[-0.36, 0.16] -
Cynthia2008(Patsari) 0.35 0.27 33 1.02 0.79 33 1.6% -0.67[-0.95, -0.39] -
Dutta2007(Laxmi) 0.99 1.23 27 1.79 2.17 27 0.4% -0.80([-1.74,0.14] ™
Edwards2007(NISP China) 0.152 0.079 63 0.268 0.287 88 2.2% -0.12 [-0.18, -0.05] e
ENPHO2008(MudbrickICS)-1 1.429 0.81 8 3.374 1.653 8 0.2% -1.95[-3.22, -0.67]

ENPHO2008(MudbrickICS)-2 0.749 0.513 14 2.653 1.951 14 0.3% -1.90 [-2.96, -0.85]

ENPHO2008(MudbrickICS)-3 0.308 0.187 14 0.889 0.718 14 1.3% -0.58[-0.97,-0.19] I
Hartinger2013(Optima) 0.148 0.168 30 0.189 0.216 34 2.1% -0.04 [-0.14, 0.05] -1
ITDG2005(Hood)a 0.241 0.377 31 1.065 2.492 31 0.4% -0.82[-1.71, 0.06] T
ITDG2005(Hood)b 0.042 0.057 31 0.401 0.57 31 1.8% -0.36 [-0.56, -0.16] -
Lam2012(Eco) 0.062 0.051 25 0.31 0.264 25 2.1% -0.25[-0.35, -0.14] -
Li2011(BGC) 0.182 0.113 19 0.322 0.348 19 1.9% -0.14[-0.30, 0.02] -
Li2011(NP) 0.128 0.144 26 0.384 0.431 26 1.9% -0.26 [-0.43, -0.08] -
Matsumura2011(GIZ) 0.232 0.171 6 1.238 0.865 4 0.5% -1.01[-1.86, -0.15]

Naeher2001(Plancha) 0.152 0.118 26 0.868 0.501 17 1.7% -0.72[-0.96, -0.47] I
PAC2011(Fatana) 0.711 0.746 33 1.465 2.143 33 0.6% -0.75[-1.53,0.02]

Singh2012(Mud-2) 0.76 0.69 34 2.07 1.52 34 0.9% -1.31[-1.87,-0.75]

Terrado2005(Eco-closed) 0.053 0.03 20 0.514 0.388 20 1.9% -0.46 [-0.63, -0.29] -
Terrado2005(Eco-semi) 0.121 0.09 14 0.639 0.426 14 1.7% -0.52[-0.75, -0.29] -
Winrock2008(Rocket) 0.781 1.394 32 0.68 0.868 32 0.8% 0.10 [-0.47, 0.67] 1
Subtotal (95% CI) 746 765 36.6% -0.45 [-0.56, -0.34] L 2
Heterogeneity: Tau? = 0.06; Chi? = 202.34, df = 28 (P < 0.00001); I* = 86%

Test for overall effect: Z = 7.71 (P < 0.00001)

1.1.3 Complex intervention

ITDG2005(mixed)a 0.304 0.214 27 0.607 0.382 27 1.9% -0.30[-0.47,-0.14] -
ITDG2005(mixed)b 0.283 0.204 26 0.454 0.329 26 2.0% -0.17 [-0.32, -0.02] -
Subtotal (95% CI) 53 53 3.9% -0.23 [-0.36, -0.10] <&
Heterogeneity: Tau? = 0.00; Chi? = 1.35, df = 1 (P = 0.24); I* = 26%

Test for overall effect: Z = 3.52 (P = 0.0004)

1.1.4 Advanced combustion

-Balakrishnan2015(Phil)-1 0.381 0.352 10 0.67 0.767 10 0.9% -0.29[-0.81, 0.23] —
-Balakrishnan2015(Phil)-2 0.092 0.071 7 0.213 0.237 7 1.9% -0.12[-0.30, 0.06] -
-Hill2015(ACE1) 0.118 0.058 29 0.439 0.361 29 2.0% -0.32[-0.45, -0.19] -
-Sankar2014(Oorja)c 0.219 0.207 12 0.292 0.46 12 1.6% -0.07 [-0.36, 0.21] -
-Sankar2014(Philips)a 0.279 0.387 12 0.585 0.914 12 0.9% -0.31[-0.87,0.26] E—
-Sankar2014(Philips)b 0.75 1.811 12 1.436 2.876 12 0.1% -0.69 [-2.61, 1.24]

Balakrishnan2012(Force)1 1.106 3.32 10 1.55 2.974 10 0.1% -0.44[-3.21, 2.32]

Balakrishnan2012(Force+)2 0.184 0.178 11 0.321 0.423 11 1.6% -0.14[-0.41, 0.13] -
Balakrishnan2012(Free)3 0.268 0.261 44 0.532 0.602 44 1.8% -0.26 [-0.46, -0.07] -
Subtotal (95% CI) 147 147 10.9% -0.23 [-0.31, -0.15] (3
Heterogeneity: Tau? = 0.00; Chi* = 5.24, df = 8 (P = 0.73); I> = 0%

Test for overall effect: Z = 5.48 (P < 0.00001)

1.1.5 Ethanol

CEIHD/GAIA2007-1 0.13 0.08 11 2.17 1.63 11 0.4% -2.04[-3.00, -1.08]

CEIHD/GAIA2007-2 0.15 0.11 12 0.96 0.79 12 1.1% -0.81[-1.26, -0.36]

PAC2011(cleancook)-1 0.142 0.083 31 0.389 0.489 31 1.9% -0.25[-0.42, -0.07] -
PAC2011(cleancook)-2 0.094 0.054 31 0.453 0.433 31 2.0% -0.36 [-0.51, -0.21] -
Subtotal (95% CI) 85 85 5.3% -0.58 [-0.92, -0.24] R 2
Heterogeneity: Tau? = 0.08; Chi* = 17.08, df = 3 (P = 0.0007); I* = 82%

Test for overall effect: Z = 3.34 (P = 0.0008)

1.1.6 LPG

-HAPIN2020(LPG-Guatemala)  0.0708 0.17 40 0.543 0.6662 39 1.8% -0.47[-0.69, -0.26] -
~HAPIN2020(LPG-India) 0.031 0.0097 32 0.3165 0.3768 26 2.0% -0.29[-0.43, -0.14] -
-Lewis2017(LPG) 0.134 0.147 13 0.41 0.351 62 2.1% -0.28 [-0.39, -0.16] -
-Lewis2019(LPG) 0.165 0.211 23 0.954 0.862 72 1.8% -0.79[-1.01, -0.57] —_
-Pokhrel2015(LPG)a 0.101 0.13 238 0.63 0.908 174 2.0% -0.53[-0.66, -0.39] -
-Pope2018(LPG) 0.0418 0.0813 67 0.8433 1.4533 55 1.3% -0.80([-1.19, -0.42] I
-Tagle2019(LPG)a 0.0523 0.0485 24 0.7417 0.2911 28 2.1% -0.69[-0.80, -0.58] -
-Ubuoh2018(LPG)a 0.0105 0.0053 10 0.476 0.6423 10 1.2% -0.47[-0.86, -0.07] I —
-Ubuoh2018(LPG)b 0.0105 0.331 10 0.5624 0.5531 10 1.2% -0.55[-0.95, -0.15] —
ITDG2005(LPG)a 0.228 0.142 29 1.149 1.222 29 1.1% -0.92[-1.37,-0.47] —
ITDG2005(LPG)b 0.331 0.07 28 0.634 0.541 28 1.8% -0.30[-0.51, -0.10] —
Subtotal (95% CI) 514 533 18.3% -0.52 [-0.66, -0.39] ' 3
Heterogeneity: Tau? = 0.04; Chi? = 50.04, df = 10 (P < 0.00001); I* = 80%

Test for overall effect: Z = 7.67 (P < 0.00001)

1.1.7 Electricity

-Lewis2019(Electric) 0.62 0.914 3 0.954 0.862 69 0.3% -0.33[-1.39,0.72] —
-Pokhrel2015(Electric)b 0.08 0.103 181 0.63 0.908 174 2.0% -0.55[-0.69, -0.41] -
-Tagle2019(Electric)b 0.052 0.053 10 0.7417 0.2911 28 2.1% -0.69[-0.80, -0.58] -
-Ubuoh2018(Electric)c 0.0177 0.0118 10 0.4761 0.6423 10 1.2% -0.46 [-0.86, -0.06] _—
-Ubuoh2018(Electric)d 0.0127 0.0402 10 0.5642 0.5531 10 1.4% -0.55[-0.90, -0.21] I
Rollin2004(Electric) 0.08 0.05 25 0.16 0.12 13 2.1% -0.08 [-0.15, -0.01] -
Subtotal (95% Cl) 239 304  9.2% -0.45 [-0.76, -0.14] P
Heterogeneity: Tau? = 0.12; Chi* = 101.69, df = 5 (P < 0.00001); I* = 95%

Test for overall effect: Z = 2.86 (P = 0.004)

Total (95% CI) 2059 2163 100.0% -0.40 [-0.47, -0.34] ¢+
Heterogeneity: Tau? = 0.05; Chi? = 483.35, df = 72 (P < 0.00001); I = 85% + + + +

Test for overall effect: Z=11.91 (P < 0.00001)
Test for subgroup differences: Chi? = 25.76, df = 6 (P = 0.0002), I* = 76.7%
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Intervention Baseline Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
2.1.1 Improved cookstoves - no venting
-Hankey2015(Ugastove) 12.2 11.5 11 14.2 194 11 0.6% -2.00 [-15.33, 11.33] I m—
-Ochieng2016(Rocket) 8.1 5.3 23 10.1 9.7 23 1.8% -2.00[-6.52, 2.52] -
-Sankar2014(ICS-Rocket)a 6.4 7.33 12 9.6 7.86 12 1.5% -3.20 [-9.28, 2.88] e
-Sankar2014(ICS-Rocket)b 7.5 3.89 11 10.2 9.56 11 1.5% -2.70 [-8.80, 3.40] -
-Sankar2014(ICS-Rocket)c 4.7 5.58 11 11.6 17.85 11 0.7% -6.90 [-17.95, 4.15] A
Brant2012(B1100) 6.2 6.5 38 9.6 9.1 38 2.1% -3.40 [-6.96, 0.16] -
Brant2012(Mangala-1) 4.4 4 24 6.6 6.1 24 2.2% -2.20[-5.12,0.72] -
Brant2012(Mangala-2)-2 5.9 5.1 25 10.5 6.8 25 2.1% -4.60 [-7.93, -1.27] -
Brant2012(S2100) 6.2 4.2 18 7 7.3 18 2.0% -0.80 [-4.69, 3.09] -
CEIHD2006(GyapaRocket) 7.4 6.1 36 123 9.9 36 2.0% -4.90 [-8.70, -1.10] -
Dutta2007(Bhagyalaxmi) 6.9 7.02 22 111 7.8 22 1.9% -4.20 [-8.59, 0.19] -
Ochieng2013(GIZ-rocket) 7.3 7.2 49 11.8 15 45 1.8% -4.50[-9.32, 0.32] -
Pennise2007(ECEODARocket) 15.7 19.2 7 345 335 7 0.1% -18.80 [-47.40, 9.80] —
Subtotal (95% CI) 287 283 20.3% -3.30 [-4.55, -2.04] [)
Heterogeneity: Tau? = 0.00; Chi? = 5.73, df = 12 (P = 0.93); I> = 0%
Test for overall effect: Z = 5.15 (P < 0.00001)
2.1.2 Improved cookstoves - venting
-Binaya2017(Mudstove) 9.4 3.37 3 16.3 4.65 3 1.4% -6.90 [-13.40, -0.40] I
Alexander2014(Yanayo) 3.2 1.6 20 10.8 4.34 20 2.4% -7.60[-9.63, -5.57] -
Brant2012(Mangala-2)-1 2.3 1.6 9 5.7 2.5 9 2.4% -3.40 [-5.34, -1.46] -
Bruce2004(Plancha) 4.89 3.67 46 12.38 10.91 99 2.3% -7.49 [-9.89, -5.09] -
Chengappa2007(DA)-1 5.5 4.7 36 7.9 6.8 36 2.3% -2.40 [-5.10, 0.30] -
Chengappa2007(DA)-2 2.68 2.8 15 8.67 7.8 15 1.9% -5.99 [-10.18, -1.80] -
Choudhury2012(BCSIR) 2,97 2.29 23 4.9 6.29 21 2.2% -1.93 [-4.78, 0.92]
Clark2013(EcoStove) 7.2 111 32 25.8 204 32 1.1% -18.60 [-26.65, -10.55] —_—
Cowlin2005(G2-2000) 7.8 3 20 11.6 9.7 20 1.9% -3.80 [-8.25, 0.65] ]
Cowlin2005(TT-03) 8.9 2.3 20 116 9.7 18 1.8% -2.70[-7.29, 1.89] -
Cynthia2008(Patsari) 3 2.7 32 8.9 4.4 32 2.5% -5.90 [-7.69, -4.11] -
Dutta2007(Laxmi) 8.37 10.22 30 15.3 9.1 30 1.7% -6.93 [-11.83, -2.03] -
Edwards2007(NISP China) 0.7 0.47 6 1.85 1.04 7 2.6% -1.15 [-2.01, -0.29] N
ENPHO2008(MudbrickICS)-1 17.22 7.7 8 38.66 13.68 8 0.8% -21.44[-32.32, -10.56] —
ENPHO2008(MudbrickICS)-2 8.32 5.53 14 26.27 23.17 14 0.6% -17.95[-30.43, -5.47]
ENPHO2008(MudbrickICS)-3 3.34 1.93 14 474 4.74 14 2.3% -1.40 [-4.08, 1.28] -
Hartinger2013(Optima) 4.7 6.05 39 5.2 6.78 32 2.2% -0.50 [-3.52, 2.52] T
ITDG2005(Hood)a 4.49 4.44 31 11.91 16.76 31 1.5% -7.42 [-13.52, -1.32] I
ITDG2005(Hood)b 6.56 4.09 31 7.83 9.75 31 2.0% -1.27 [-4.99, 2.45] -T
ITDG2007(Hood) 1.56 1.56 124 12.82 18.71 124 2.1% -11.26 [-14.56, -7.96] -
Li2011(BGC) 2 3.8 26 4.9 4.8 26 2.3% -2.90 [-5.25, -0.55] -
Li2011(NP) 1.6 1.9 19 3.7 3.2 19 2.5% -2.10 [-3.77, -0.43] -
Matsumura2011(GIZ) 5.68 7.9 3 15.53 3.69 4 0.9% -9.85 [-19.49, -0.21] I
Naeher2001(Plancha) 1.99 2.14 28 10.61 5.42 18 2.3% -8.62 [-11.25, -5.99] -
PAC2011(Fatana) 9 16 32 19 26 32 0.8% -10.00 [-20.58, 0.58] —
Singh2012(Mud-2) 8.62 6.98 34 215 20.1 34 1.3% -12.88[-20.03, -5.73]
Smith2009(Plancha) 1.1 1.4 36 8.6 4 36 2.5% -7.50 [-8.88, -6.12] -
Subtotal (95% CI) 731 765 50.7% -5.62 [-7.08, -4.16] ¢
Heterogeneity: Tau® = 10.29; Chi? = 182.83, df = 26 (P < 0.00001); I* = 86%
Test for overall effect: Z = 7.55 (P < 0.00001)
2.1.3 Complex intervention
ITDG2005(mixed)a 7.82 5.22 27 8.91 12.53 27 1.7% -1.09 [-6.21, 4.03] -
ITDG2005(mixed)b 3.55 3.47 26 2.49 3.75 26 2.4% 1.06 [-0.90, 3.02] r
ITDG2007(mixed) 2.55 2.62 58 9.05 10.09 58 2.3% -6.50 [-9.18, -3.82] -
Subtotal (95% CI) 111 111 6.4% -2.20 [-7.60, 3.20] ‘
Heterogeneity: Tau? = 19.84; Chi? = 19.89, df = 2 (P < 0.0001); I*> = 90%
Test for overall effect: Z = 0.80 (P = 0.42)
2.1.4 Advanced combustion
-Balakrishnan2015(Phil) 3.9 0.8 3 9.1 4.7 3 1.6% -5.20 [-10.59, 0.19] —
-Sankar2014(Oorja)c 4.3 6.18 11 5.5 6.18 11 1.7% -1.20 [-6.36, 3.96] -
-Sankar2014(Philips)a 3.6 3.09 21 3.2 2.56 21 2.5% 0.40[-1.32,2.12] r
-Sankar2014(Philips)b 9.6 21.41 11 29 64.13 11 0.1%  -19.40 [-59.35, 20.55]
Balakrishnan2012(Force)1 11.42 30.08 10 28.96 69.67 10 0.1% -17.54[-64.57, 29.49]
Balakrishnan2012(Force+)2 2.71 231 11 5.2 5.54 11 2.1% -2.49 [-6.04, 1.06] =
Balakrishnan2012(Free)3 5.18 4.49 45 8.86 10.54 45 2.1% -3.68 [-7.03, -0.33] -
Subtotal (95% CI) 112 112 10.1% -1.95 [-4.03, 0.14] 4
Heterogeneity: Tau? = 2.43; Chi? = 9.30, df = 6 (P = 0.16); I* = 35%
Test for overall effect: Z = 1.83 (P = 0.07)
2.1.5 Ethanol
CEIHD/GAIA2007-1 146 82 11 705 386 11  0.2% -55.90[-79.22,-32.58] ¢———————
CEIHD/GAIA2007-2 5.6 3.7 12 22,1 19.1 12 0.7% -16.50[-27.51, -5.49]
PAC2011(cleancook)-1 8 9 31 42 30 31 0.7% -34.00 [-45.03, -22.97] —
PAC2011(cleancook)-2 0.8 131 15 23 31 1.1% -14.20[-22.30,-6.10] —_—
Subtotal (95% CI) 85 85 2.8% -27.32 [-41.54, -13.10]
Heterogeneity: Tau? = 164.23; Chi* = 17.18, df = 3 (P = 0.0006); I* = 83%
Test for overall effect: Z = 3.77 (P = 0.0002)
2.1.6 LPG
-Tagle2019(LPG)a 0.51 0.8 24 19.4 163 28 1.5% -18.89[-24.94, -12.84] —_—
ITDG2005(LPG)a 3.38 249 29 13.35 12.54 29 1.8% -9.97 [-14.62, -5.32] -
ITDG2005(LPG)b 1.96 3.47 28 9.62 5.22 28 2.4% -7.66 [-9.98, -5.34] -
Subtotal (95% CI) 81 85  56% -11.63[-17.51, -5.76] <>
Heterogeneity: Tau? = 21.85; Chi® = 11.66, df = 2 (P = 0.003); I> = 83%
Test for overall effect: Z = 3.88 (P = 0.0001)
2.1.8 Electricity
-Tagle2019(Electric)b 0.42 0.7 10 19.4 16.3 28 1.5% -18.98[-25.03, -12.93] -
Rollin2004(Electric) 0.69 0.85 13 1.25 0.69 25 2.6% -0.56 [-1.10, -0.02]
Subtotal (95% CI) 23 53 4.1% -9.51 [-27.56, 8.53] ol
Heterogeneity: Tau? = 164.84; Chi2 = 35.30, df = 1 (P < 0.00001); I = 97%
Test for overall effect: Z = 1.03 (P = 0.30)
Total (95% CI) 1430 1494 100.0% -5.58 [-6.70, -4.46] ¢

ity 2 _ . i2 — L2 } I I 1
Heterogeneity: Tau? = 12.45; Chi® = 464.38, df = 58 (P < 0.00001); I> = 88% o s ) 75 o0

Test for overall effect: Z = 9.77 (P < 0.00001)
Test for subgroup differences: Chi? = 27.24, df = 6 (P = 0.0001), 1> = 78.0%
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image4.emf
Intervention Baseline Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
3.1.1 Improved cookstoves - venting
-Binaya2017(Mudstove) 0.3346 0.2286 13 0.9438 0.4625 13 4.6% -0.61[-0.89,-0.33] ——
-Young2018(Justa) 0.066 0.038 74 0.126 0.077 73 5.1% -0.06 [-0.08, -0.04] -
-Zaman2015(ICS-Chimney) 0.259 0.0272 150 1.285 0.1061 150 5.1% -1.03[-1.04,-1.01] ¢
Cynthia2008(Patsari) 0.16 0.13 26 0.24 0.23 26 5.0% -0.08[-0.18, 0.02] ——
Hartinger2013(Optima) 0.104 0.124 37 0.129 0.152 40 5.1% -0.03 [-0.09, 0.04] -
Li2011(BGC) 0.072 0.046 19 0.145 0.071 19 5.1% -0.07 [-0.11, -0.03] -
Li2011(NP) 0.081 0.051 26 0.188 0.294 26 5.0% -0.11[-0.22, 0.01] —
Terrado2005(Eco-closed) 0.049 0.03 28 0.374 0.456 28 4.9% -0.33[-0.49, -0.16] . ——
Terrado2005(Eco-semi) 0.095 0.126 30 0.355 0.313 30 5.0% -0.26[-0.38, -0.14] s
Subtotal (95% Cl) 403 405 45.0% -0.28 [-0.67,0.11] et
Heterogeneity: Tau? = 0.35; Chi® = 6220.92, df = 8 (P < 0.00001); I> = 100%
Test for overall effect: Z = 1.42 (P = 0.16)
3.1.3 Advanced combustion
-Balakrishnan2015(Phil)-2 0.207 0.172 8 0.184 0.168 8 4.9% 0.02 [-0.14, 0.19] I a—
-Hill2015(ACE1) 0.077 0.027 25 0.119 0.057 25 5.1% -0.04[-0.07, -0.02] -
Subtotal (95% ClI) 33 33 10.0% -0.04 [-0.07, -0.02] 4
Heterogeneity: Tau® = 0.00; Chi® = 0.57, df = 1 (P = 0.45); I = 0%
Test for overall effect: Z = 3.25 (P = 0.001)
3.1.5 LPG
-Delapena2017(LPG)a 0.031 0.044 18 0.079 0.046 9 5.1% -0.05 [-0.08, -0.01] -
-Delapena2017(LPG)b 0.024 0.014 7 0.079 0.046 9 5.1% -0.06 [-0.09, -0.02] -
-HAPIN2020(LPG-Guatemala) 0.0642 0.111 38 0.3743 0.7661 39 4.7% -0.31[-0.55, -0.07] —_—
-HAPIN2020(LPG-India) 0.0362 0.0266 35 0.1173 0.1512 40 5.1% -0.08[-0.13, -0.03] -
-HAPIN2020(LPG-Rwanda) 0.045 0.0352 38 0.2087 0.1322 39 5.1% -0.16 [-0.21, -0.12] -
-Lewis2019(LPG) 0.195 0.193 23 0.634 0.745 69 4.9% -0.44[-0.63, -0.25] e —
-Pope2018(LPC)a 0.0212 0.0389 67 0.1105 0.2503 61 5.1% -0.09 [-0.15, -0.03] —_—
-Pope2018(LPG)b 0.0172 0.0186 60 0.0571 0.0901 56 5.1% -0.04 [-0.06, -0.02] -
Subtotal (95% CI) 286 322 40.2% -0.10 [-0.14, -0.06] <&
Heterogeneity: Tau? = 0.00; Chi? = 44.88, df = 7 (P < 0.00001); I* = 84%
Test for overall effect: Z = 4.46 (P < 0.00001)
3.1.6 Electricity
-Lewis2019(Electric) 0.148 0.097 3 0.634 0.745 69 4.8% -0.49 [-0.69, -0.28] e —
Subtotal (95% CI) 3 69 4.8% -0.49 [-0.69, -0.28] et
Heterogeneity: Not applicable
Test for overall effect: Z = 4.60 (P < 0.00001)
Total (95% CI) 725 829 100.0% -0.21[-0.41, -0.01] oot

Heterogeneity: Tau? = 0.20; Chi? = 8870.23, df = 19 (P < 0.00001); I> = 100%

Test for overall effect: Z = 2.11 (P = 0.04)

Test for subgroup differences: Chi? = 22.94, df = 3 (P < 0.0001), I* = 86.9%
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Intervention Baseline Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
4.1.1 Improved cookstoves - no venting
-Ochieng2016(Rocket) 6.2 5.6 23 7.4 5.5 23 3.7% -1.20 [-4.41, 2.01] ——
Ochieng2013(GlZ-rocket) 7.1 7.1 50 11.7 26.3 46 1.0% -4.60[-12.45, 3.25] +¢
Subtotal (95% CI) 73 69 4.7% -1.69 [-4.66, 1.28] e

Heterogeneity: Tau? = 0.00; Chi? = 0.62, df = 1 (P = 0.43); 1> = 0%
Test for overall effect: Z = 1.11 (P = 0.27)

4.1.2 Improved cookstoves - venting

-Binaya2017(Mudstove) 6.5 4.8 13 13,5 5.2 13
Bruce2004(Plancha) 2.25 1.34 46 3.34 1.97 99
Clark2013(EcoStove) 0.8 1.2 30 21 1.7 30
Cynthia2008(Patsari) 1 1.6 24 2.7 2.1 24
Hartinger2013(Optima) 1.5 1.59 39 1.4 2.05 45
Li2011(BGC) 0.97 0.73 19 1.2 1 19
Li2011(JNP) 0.7 0.68 26 1.5 0.99 26
Naeher2001(Plancha)-c 0.96 1.07 28 2.98 3.34 25
Naeher2001(Plancha)-w 1.06 1.7 26 3.44 3.36 25
Smith2009(Plancha)a 2.2 2.6 247 4.8 3.6 241
Smith2009(Plancha)b 1.5 1.9 256 2.8 2.5 244
Subtotal (95% CI) 754 791

3.0% -7.00[-10.85,-3.15] ————

8.2%
7.9%
7.4%
7.9%
8.2%
8.3%
6.9%
6.7%
8.2%
8.3%
80.9%

Heterogeneity: Tau? = 0.62; Chi® = 63.29, df = 10 (P < 0.00001); I> = 84%

Test for overall effect: Z = 4.90 (P < 0.00001)

4.1.3 Advanced combustion

-Balakrishnan2015(Phil)-1 3.9 8.4 17 46 7.2 17
-Balakrishnan2015(Phil)-2 2.7 3.1 34 6.2 7.7 34
Subtotal (95% Cl) 51 51
Heterogeneity: Tau? = 0.00; Chi? = 0.85, df = 1 (P = 0.36); I> = 0%
Test for overall effect: Z = 2.29 (P = 0.02)

4.1.5 LPG

-Gautam2018(LPG) 0.68 0.32 7 537 0.6 7
Subtotal (95% CI) 7 7
Heterogeneity: Not applicable

Test for overall effect: Z = 18.25 (P < 0.00001)

Total (95% CI) 885 918

Heterogeneity: Tau? = 2.07; Chi? = 227.44, df = 15 (P < 0.00001); I
Test for overall effect: Z = 4.44 (P < 0.00001)

1.9%
4.3%
6.2%

8.2%
8.2%

100.0%
=93%

Test for subgroup differences: Chi? = 78.57, df = 3 (P < 0.00001), I?> = 96.2%

-1.09 [-1.64, -0.54]
-1.30 [-2.04, -0.56]
-1.70 [-2.76, -0.64]
0.10 [-0.68, 0.88]
-0.23 [-0.79, 0.33]
-0.80 [-1.26, -0.34]
-2.02 [-3.39, -0.65]
-2.38 [-3.85, -0.91]
-2.60 [-3.16, -2.04]
-1.30 [-1.69, -0.91]
-1.36 [-1.90, -0.81]

-0.70 [-5.96, 4.56]
-3.50[-6.29, -0.71]
-2.89 [-5.35, -0.42]

-4.69 [-5.19, -4.19]
-4.69 [-5.19, -4.19]

-1.86 [-2.68, -1.04]
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