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a b s t r a c t

Many cookstove studies conducted in the field fail to measure meaningful differences

between different stove technologies. Although meaningful differences do not always

exist, significant differences are often missed because of low statistical power. A numerical

model has been developed to determine the minimum sample size necessary to ensure

that cookstove field studies are well-designed, efficient, and have adequate statistical

power to characterize the concentrations of pollutants inside homes. The numerical model

uses a Monte Carlo prediction method to generate probabilistic distributions of indoor

pollutant concentrations. The model is based on a series of user inputs, including emis-

sions rate, home size, air-exchange rate, fuel-moisture content, and measurement error.

Application of this model to an example situation showed that, even under optimistic

measurement conditions, a substantially high number of test replicates would be required.

This approach should allow organizations to select appropriate sample sizes to test

cookstoves in the field and to identify factors that contribute to variability among tests.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Improved biomass cookstoves are needed as emissions from

traditional cookstoves often have detrimental health and

climate effects [1e4]. As nearly three billion people currently

use biomass cookstoves, the cookstove problem will require

global initiatives and collaborations among many organiza-

tions. To help facilitate these collaborations, new testing

protocols and standardized practices for sharing data have

recently been adopted. One example is the International

Workshop Agreement (IWA 11:2012), which was developed

through the International Organization for Standardization

(ISO) to help rate and compare cookstoves [5]. Discrepancies

are often seen between evaluations of cookstove performance

conducted in the laboratory and those evaluated in the field.

Thus, there is concern that new cookstove designs are not

achieving the goals of improving health and climate. As part of

the IWA, a resolution was passed to prioritize research that

seeks to harmonize laboratory-based evaluations with field

evaluations of cookstove performance.

The goal of the IWA field-testing resolution is to ensure

that improved cookstove designs, many of which have been

designed in the laboratory, actually release fewer harmful

emissions than traditional designs. Evaluating cookstoves in

the field presents many challenges, including determining the
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number of test replicates required. A sufficient number of

replicates is needed to determine if meaningful differences

exist between different stoves. However, an unnecessarily

large sample size consumes program resources and may not

provide additional useful knowledge [6].

Every cookstove program will have an upper limit to the

number of test replicates they can collect. The limitation

may be due to cost or practicality, but every project will have

a limit. As sample size increases so does personnel needs,

time requirements, and study cost [6]. Although what a

program can afford (time wise and financially) to devote to

field testing is project specific, with increasing sample size

fewer and fewer programswill have the resources needed for

the study.

The sample sizes used by cookstove programs are often

determined by power calculations or general “rules of thumb.”

Power calculations are conducted by setting a target level of

precision and an estimation of the variability between test

replicates to determine the sample size. Sample size “rules of

thumb” are typically generated by power calculations based

on assumptions regarding the level of confidence required and

the variability expected for the type of testing to be conducted.

The World Health Organization and the Gold Standard Foun-

dation are examples of organizations that calculate sample

sizes by “rules of thumb” [7,8].

Although “rules of thumb” are convenient for determining

sample size, they are often based on assumptions that do not

translate uniformly to the field. The accuracy of power cal-

culations is also limited by an understanding of the environ-

mental factors that affect stove performance variability.

These factors vary greatly and include properties such as

room size, air exchange rate, and cultural cooking practices.

Although using “rule of thumb” statistical methods at first

appears convenient, as demonstrated by Edwards et al.

determining an appropriate sample size using this approach is

far from simple. Choosing a study design and sample size

requires investigators to make a number of assumptions,

best-guess estimates, and hard choices [6].

The objective of this work was to develop a user-friendly

method to inform the proper design and implementation of

cookstove field studies. A recent study published by Wang

et al. investigated sample size requirements when testing

cookstoves in laboratory settings. This study clearly demon-

strated the large variability in cookstove performance results

even under highly controlled environments [9]. As discussed

in the previously mentioned article, even highly controlled

tests conducted in sophisticated labs have sources of vari-

ability which cannot be eliminated. The sources of variability

only increase when testing in the field. The model developed

here extends the sample size calculations by considering the

effects of cultural cooking practice, home size, and cookstove

design to allow a more accurate prediction of performance

variability and the number of test replicates required to ach-

ieve statistical confidence when evaluating biomass cook-

stoves in the field.

1.1. Basis for the model

Many factors influence the concentrations of air pollutants

produced by cookstoves [9]. Therefore, to estimate the

required number of test replicates, the major sources of

variability that affect stove performance must be considered.

� Stove variability: The age and condition of a cookstove

can affect performance; every cookstove is unique. Minor

differences in construction can affect performance as

well as age of a cookstove. Therefore, two stove units of

the same design may perform slightly differently, even if

construction and quality control measures are

standardized.

� Fuel variability: Biomass combustion is a complex process.

Small differences in the condition or composition of fuel

can have a large effect on emissions. Many fuel charac-

teristics, including aspect ratio, surface area, moisture

content, and fuel type or species, affect cookstove perfor-

mance [10].

� User variability: The user has a large influence on the

performance of a cookstove. For example, an individual

who is familiar with a particular cookstove will operate it

differently than a first-time user [11,12]. Large variability

will also occur for the same user day to day. In the field,

users often will perform multiple cooking tasks all on the

same stove; often these different cooking tasks require

different operating conditions.

� Situational variability: Situational variability encompasses

many components related to the location at which a stove

is tested. The concentration of pollutants that accumulate

in a room depends on the size and shape of the room and

the airflow through the room, which depends on the

number of open doors and windows [13,14].

� Measurement errors: Although errors in sample measure-

ment do not affect stove performance variability, they do

contribute to the inaccuracy and imprecision of data

collected in the field. Errors in measurement include sys-

tematic and random errors. An inaccurate but consistent

measurement is an example of a systematic error, which

leads to biased results but not necessarily increased vari-

ability between tests. Random errors (in the context of

measurement) arise from the imprecision of an instrument

or variable measurement readings. An increased number

of replicates can reduce imprecision due to random errors

[15].

These factors interact in a complex fashion that compli-

cates field-based measurements of biomass cookstove per-

formance. However, because these factors (and their

interactions) are stochastic in nature, they may be modeled

numerically.Monte Carlo is an attractivemethod formodeling

biomass cookstove performance, as it accommodates com-

plex interactions between various input variables. The Monte

Carlo method has been applied to many fields and disciplines,

such as synaptic signaling in the brain [16] and economic

planning [17].

Monte Carlo simulations are typically comprised of three

elements (Fig. 1). First, equations are established for basic

interactions in the system, such as how emission rate affects

pollutant concentrations inside a home. Second, key param-

eters of the model are defined as distributions, such as the

range of home sizes in a particular community. Finally, a

distribution of outputs is created by randomly selecting values
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