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a b s t r a c t

Around 2.7 billion people rely on biomass fuelled inefficient devices for cooking and heating. Improved
Cooking Stoves are promoted as a means to mitigate the economic, environmental and social implica-
tions of this practice. However, their diffusion is hindered by a number of factors, including in particular
the lack of agreement on performance evaluation methodologies. Laboratory protocols are designed to
give useful indications to cookstoves developers, in order to improve their performance under controlled
conditions, while field protocols provide the assessment of real performance of a cookstove in a given
context. However, due to high time and finance requirements of the latter, lab results are often used also
for stoves selection, also because of a general misunderstanding regarding their correct utilisation. In this
work, we provide a review of all lab protocols officially published to date, comparing conceptual and
technical aspects. We find that no protocol takes into account all the relevant factors at once. As a result,
lab tests carry little information about real field performance, and can be misleading regarding stoves
optimisation. Therefore, the analysis reveals the need to define better standards, regarding: (i) repeat-
ability, metrics and statistical analysis of results; (ii) burn sequences calibrated from time to time ac-
cording to the specific user.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The lack of access to clean cooking facilities in developing
countries involves 2.7 billion people [1] who rely on inefficient
devices fuelled by traditional biomass sources (including wood,
animal dung, crop waste and charcoal) for cooking and heating
purposes. This entails serious health implications e 4.3 million
premature deaths per year due to indoor air pollution [2] e and
emission of climate-forcing pollutants [3e6]. In addition, depend-
ing on the context, the traditional use of biomass may contribute to
the stress on forest resources, although a direct link between
deforestation or forest degradation and the use of biomass is not
fully assessed in the literature [7e15]. Improved Cooking Stoves
(ICSs) represent the most commonly promoted technological so-
lution to address this issue. As indicated by Kshirsagar and
Kalamkar [16], an ICS is «a cookstove designed using certain sci-
entific principles, to assist better combustion and heat transfer, for
improving emissions and efficiency performance» as compared to
traditional cooking devices, which are identified as very cheap or
costless stove models traditionally in use within a certain popula-
tion [16]. The literature identifies also a third category of stoves,
namely Advanced Biomass Stoves, which includes manufactured
cookstoves characterised by most recent research innovations and
features e e.g. a blower injecting air above the fire to improve the
combustion efficiency [16,17]. Nevertheless, the success of ICSs is
hindered by a number of factors, such as stove stacking (the com-
bined use of traditional and improved technologies for different
tasks) [18], competing uses of biomass with other activities
(lighting, heating, brick-making), nutritional habits (viz. food
choices) [19] and lack of agreement about methodologies for per-
formance evaluation [20,21]. This paper focuses on the latter
aspect; in fact, a correct evaluation of performance represents a key
factor for informing decision-makers and ensuring the selection of
technologies that are appropriate for the target context of use
[17,22]. In addition, reliable data on ICSs performance are critically
needed also as an input for global climate prediction models
[23,24]. Performance of ICSs can be evaluated by means of two
different approaches: (i) laboratory-based and (ii) field-based
testing protocols.

Laboratory-based protocols are traditionally meant for design
optimisation, and represent a tool for stove developers to assess
changes in performance due to different designs and features.
Accordingly, they are performed in a controlled laboratory setting,
which should allow avoiding any variability related to external
conditions and user's behaviour that would strongly influence the
performance of the “cooking system” e the combination of tech-
nology, fuel, pot and burn sequence e in a real context of use
[6,20,25e31]. Typical parameters evaluated by laboratory protocols
include efficiency, specific consumption, CO emissions, PM
emissions.

On the other hand, field-based protocols typically consist in
prolonged surveys to measure fuel savings among households
using an ICS, as compared to a baseline. Hence, field-based pro-
tocols can provide reliable insights about the true energy perfor-
mance of a stove when it is adopted in a real context of use,
especially when the assessment on the field is performed by
employing the so-called Stove Use Monitors (SUMs), which are
low-cost temperature and/or emissions data loggers. The latter can
be installed on ICSs, in order to return reliable estimates of their
pattern of utilisation [32]. In some cases, field campaigns may
include also an assessment of the emission performance of stoves
in a real context of use. We provide a few examples: Bailis et al. [33]
and Roden et al. [29] assessed PM, CO and CO2 emissions from
cookstoves in Kenya and Honduras, respectively. Johnson et al. [6]
measured emissions in the field in Mexico, including also CH4
and TNMHC (total non-methane hydrocarbons). In general, those
studies highlight how emissions measured in the field differ from
laboratory-based estimates. Field tests are indeed supposed to
follow lab testing for an effective evaluation of stove energy and
emissions-related performance among the target population and in
a specific context. Moreover, they are usually considered as the
most reliable reference by the Clean Development Mechanism
(CDM), and certification bodies such as Gold Standard, in the
voluntary carbon credit market for carbon offsets programs [24], in
order to assess the real savings in terms of greenhouse gases
(GHGs) emissions in the framework of climate change mitigation
initiatives. However, large sample sizes are often needed to obtain
statistically significant results. According to a recent study by
L'Orange et al. [34], assuming that a 95% level of significance is
required, 160 test replicates per cookstove would be needed to
differentiate the performance of Tier 4 and Tier 3 stoves e in terms
of CO indoor concentration, as defined by the International Work-
shop Agreement (IWA 11:2012 [35]) e in the field, while 180 tests
would be required to determine CO indoor concentration «sample
means within 5% of the population mean» [34]. The entity of the
sample sizes requires therefore large financial resources e as
compared to a few thousand dollars needed for a certified labora-
tory evaluation [36] e for sampling equipment, personnel support
and logistical expenses over prolonged observation periods
[4,24,28,37e39]. Consequently, it is not always feasible to use them
as the standard method for field performance evaluation. An
alternative solution may be represented by the Uncontrolled
Cooking Test (UCT), assessing stove performance in the field when
cooking any meal according to local practices and conditions, with
the stove being operated by target users. The test is characterised
by a lower variability than traditional field tests, potentially
allowing for the use of fewer resources to draw statistically sig-
nificant conclusions. Still, the UCT does not completely solve the
problems related to the intrusiveness and the logistical effort
required by field studies, and is not currently recognised by carbon
offsets programs. Finally, both traditional surveys and uncontrolled
cooking tests are not functional for design optimisation, as several
complex sources of variability arise in a field context e such as
those due to how the users operate the stove, or those related to the



Fig. 1. Summary of protocols evolution over time.
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presence of unpredictable airflows in a kitchen or in an outdoor
setting [34] e preventing a precise assessment of the system
performance.

A first attempt to solve the dichotomy between lab and field is
represented by the Controlled Cooking Test (CCT), which is still a
lab protocol, but prescribes to cook a typical target meal of the
target population on the stove, to assess the potential adaptability
of the stove to users' cooking habits. This test is supposed to pro-
vide a validation of lab stove performance when reproducing a real
cooking task. However, according to different studies, the in-
dications provided by a single-meal cooking test cannot be suffi-
ciently representative of the variety of tasks occurring in a field
context [24,27,40].

Hence, on the one hand, results from laboratory-based protocols
are not reliable in order to understand the performance of a stove in
the field [6,28,29,41]; on the other hand, field protocols are too
costly to be widely adopted. As a result of this framework, lab
protocols e «cheaper and easier to implement» [4,24] as compared
to all other methods e are often misused as if their results were
reliable indicators of performance in a real context of use. This
common practice leads to: (i) errors in technology selection, since
poor field performance or inadequacy to the user ‘s needs entail low
adoption rates [21,41,42]; (ii) errors in climate impact estimates, as
emission factors measured in the lab significantly differ from those
assessed in the field [24,29,43,44]. It seems therefore critical to
provide a comprehensive review of all existing lab protocols and a
comparison of both conceptual and technical aspects. The present
work contributes to highlight strengths and weaknesses of each
approach and to identify the key common issues to be addressed in
order to develop a reliable, affordable, and effective standard,
capable of providing information that is useful for both design
optimisation and evaluation of the real performance of cookstove
technologies.

The review makes extensive use of both scientific and grey
literature concerning testing protocols and ICSs performance
evaluation. As a matter of fact, it has been essential to consider a
wide range of literature resources, in order to recover information
that is not specified in the protocols documents and to draw a
comprehensive outlook of the topic. The types of documents
considered include: research papers, international standards, con-
ference proceedings, as well as reports and webpages from
research centres, international organisations, cooperation agencies
and NGOs. The study is organised in two main sections: section 2 is
dedicated to the presentation of the historical evolution of
laboratory-based protocols; section 3 presents a comprehensive
review of all the six lab protocols officially published to date, and
recognised by the “Global Alliance for Clean Cookstoves” (GACC),
which are mainly discussed in terms of strengths and weaknesses.
The analysis also includes conceptual considerations about two
further protocols that are currently under development by the ISO
Technical Committee 285. Section 4 reports the key findings of the
review and the open questions to be addressed by further studies
for the development of a new standard. Appendices A, B and C
provide the readers with technical details about all the reviewed
test protocols, such as procedure, equipment details, performance
indicators and metrics formulation.

2. History and evolution of lab protocols

2.1. The first testing procedures

The history of laboratory-based protocols, reassumed in the
scheme of Fig. 1, starts in 1980, when the “Intermediate Technology
Development Group” (ITDG) e now known as “Practical Action” e
made a first attempt to define a procedure for testing a cookstove in
laboratory [45]. Between 1982 and 1985, the “Volunteers in Tech-
nical Assistance” (VITA) developed the ideas from ITDG and from
the “Eindhoven Woodburning Stove Group” [46] into the first
version of the Water Boiling Test (WBT), aimed at measuring how
muchwood is used to boil water under fixed conditions. In this first
version, WBT consisted of two phases, a high power and a low
power phase, during which water was brought rapidly to the boil
and then simmered for 30 min. Emission testing was not included
yet. A first revision and discussion of the VITA's WBT was made by
Baldwin's technical report on stoves [47], one of the most widely-
cited references for stove developers (it will be referred to as
WBT 2.0).
2.2. The Indian and Chinese programmes

The first years of the 1980s (1982e1983) were also characterised
by the launch of the first two large scale dissemination pro-
grammes of ICSs in India e the “National Programme on Improved
Chulhas” (NPIC) e and in China e the “Chinese National Improved
Stoves Programme” (CNISP) [16,48,49]. The two countries created
their own methods for testing cookstoves, although they were
formalised and published only some years later. The first version of
the Indian Standard on Solid Biomass Chulha-Specification (often
referred towith the acronym BIS, viz. Bureau of Indian Standards) is
dated 1991 [50]. A revised version, dated 2013, has been cited by
Sutar et al. [51], although it is currently available as draft version
only [52]. The first version of the Chinese Standard (CS) that can be
found in the literature is instead much more recent (2008) [53].
2.3. The WBT 3.0

In 2003, the “Shell Household Energy and Health” project
commissioned the University of California-Berkeley to revise the
VITA's protocol, which was performed by Dr. Kirk Smith and Rob
Bailis in collaboration with researchers from the “Aprovecho
Research Centre”. WBT version 3.0 [54] was completed between
2003 and 2007. Themost significant variations in theWBTwere the
introduction of a further phase, namely “Hot-Start”, and the
standardisation of pot sizes and water amounts due to consulta-
tions with field organisations and analysis of common cooking
practices [55]. After the release of these updated version different
research teams started to discuss and critique both the testing
procedure and some of the calculations [55]. In the same period
Berrueta et al. [28] published the first studies showing «little
observable association» between WBT results and field perfor-
mance; thus, different attempts at improving testing protocols
were made worldwide.



Fig. 2. Scheme of the WBT procedure, adapted from “Water Boiling Test 4.2.3” [55].
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2.4. The WBT 4.1.2 and the spread of alternative protocols

The group “Engineers in Technical and Humanitarian Opportu-
nities of Service” (ETHOS) promoted a further revision of WBT,
coordinated by Dr. Tami Bond of the University of Illinois alongwith
“Partnership for Clean Indoor Air” (PCIA), which was published as
version 4.1.2 (2009). This new version includes instructions for
emissions measurement and testing of non-woody solid, liquid or
gaseous fuels [55]. In 2009, Colorado State University and “Shell
Foundation”, in collaboration with cookstoves manufacturers Phi-
lips and Envirofit, developed their own protocol, called Emission &
Performance Test Protocol (EPTP) [56], on the basis of the updated
WBT, but aimed at optimising repeatability. In 2010 two more
protocols were released by research teams from different conti-
nents: the Adapted Water Boiling Test (AWBT) [57] was developed
by the “Group for the Environment, Renewable Energy and Soli-
darity” (GERES) Cambodia as a modification of the WBT 3.0
including some user-centred considerations; the “Sustainable en-
ergy Technology and Research” (SeTAR) Centre, based in Johan-
nesburg, also developed a new testing protocol in the framework of
the Pro-BEC project on domestic stoves in 2010. It was called the
Heterogeneous Testing Procedure (HTP) [58], and differs fromWBT
in terms of procedure concept, equipment and calculated
parameters.

2.5. The ISO process for the definition of a new standard

Finally, in 2012, an ISO-IWA (ISO-International Workshop
Agreement) was held in The Hague, gathering more than 90
stakeholders from 23 countries [35]. It was hosted by the GACC and
the Partnership for Clean Indoor Air, and chaired by the American
National Standards Institute. The workshop provided interim
guidance for rating cookstoves on four performance indicators: (i)
efficiency, (ii) total emissions, (ii) indoor emissions, and (iv) safety.
For each indicator, multiple Tiers of Performance (0e4) were
defined, to set a hierarchy in the ICSs technological advancement.
The most recent version of WBT 4.2.3 (2014) includes results from
the ISO-IWAmeeting and Tiers of Performance. Still, criticism of the
WBT has increased as further comparative studies against real-
cooking performance have been released [59,60], and as re-
searchers raise questions about the rationale of some performance
metrics [61]. Different authors [23,61] declare that it is impossible
to predict ICS field performance without a user-centred approach,
properly accounting for local burn sequences and practices. Based
on this trend, the lack of an accepted standard and the spread of
alternative protocols represent a major challenge for the success
and effective evaluation of stove dissemination programs and
carbon-financed projects. For this reason, the ISO Technical Com-
mittee 285 is currently working in order to develop new and
effective protocols and to solve the issue of the lab-field gap [62].

3. Protocols review

The comparative analysis of testing protocols is performed by
setting the Water Boiling Test (WBT) as the benchmark. Other
protocols can be in fact easily presented as variations or upgrades of
theWBT. The only exceptions are the Indian and Chinese standards,
which have been developed independently. For each protocol, four
indicators are critically discussed: (i) real-life relevance of results,
(ii) repeatability of the procedure, (iii) metrics meaningfulness and
rigorousness, and (iv) statistical significance of results.

3.1. Water Boiling Test (WBT)

The WBT 4.2.3 is composed of three phases performed in
sequence (Fig. 2):

1. Cold Start: the fuel in a stove initially at room temperature, is
ignited to heat up and bring to the boil a measured quantity of
water (2.5 or 5 L, depending on the size of the stove);

2. Hot Start: the stove, still hot from the previous phase, is re-
ignited with a fresh fuel load to heat up and bring to the boil a
measured quantity of fresh water;

3. Simmering: the stove is operated to maintain the quantity of
water left from the previous phase just below the boiling tem-
perature for 45 min.

“Cold Start” and “Hot Start” are defined high-power phases,
while simmering low-power phase. Following the protocol, a
complete assessment of a stove is performed through the evalua-
tion of a number of performance metrics for each of the three
phases, even though their general formulation keeps uniform
throughout the test, with only slight differences in a few indicators.
The key indicators evaluated for all the 3 phases, pivotal for fore-
seeing the impact of an ICS on the reduction of fuel consumption,
health benefits and social aspects, are respectively:

� Thermal Efficiency (h), which is calculated as the ratio of the heat
absorbed by water and the heat produced by combustion
(Table C3);

� Emission factors (EF), that are calculated for three kinds of
emissions e PM, CO, CO2 e as the average mass (grams) of
pollutant emitted, normalised per mass (kilogram) of burned
fuel, per test phase, per volume (L) of water boiled, per energy
(MJ) delivered to the pot, per energy (MJ) released from the fuel,
or per unit time (Table C4);

� Time to boil (tb), which is the time the stove employs to bring to
the boil a certain quantity of water in the pot.

The WBT is the most detailed protocol officially published:
testing concept, procedure details, emissions equipment, rationale
and formulation of metrics are thoroughly exposed, in a simple and
clear manner (for details on the equipment and operations, and the
performance metrics, refer to Appendices A, B and C). Protocol
variations are provided to account for different fuels or different
stove types, thus allowing for adaptation to different testing needs.
Furthermore, an Excel spreadsheet for the calculation of the test
results is downloadable from the GACC website and ready to use.
Changes between different updates of the protocol are accounted
for in a separate document titled “WBT 4.2.3 Spreadsheet Changes”
[63], though there are some discrepancies in the version number
between the latest Excel spreadsheet and thementioned document
[64].

Some of WBT critical issues remain unsolved. In particular, the
main weakness of the WBT concerns its real-life relevance. As a



Fig. 3. Scheme of the EPTP procedure.
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matter of fact, the protocol prescribes to test the stove for a fixed
combination of burn sequence (high-power and low-power) and
pot dimensions. This limits the test relevance to just that particular
setting: when any variation of these parameters e which deeply
affect the system performance e is introduced, results may signif-
icantly differ [21,23,25,26,59,65].

Criticism about WBT concerns also the repeatability of the pro-
tocol, with a number of researchers claiming that it would need to
be reviewed in terms of accuracy [27,66,67]. The WBT is a
controlled laboratory test, thus supposed to be characterized by
good repeatability and to be effective in comparing different stove
designs. Nevertheless, the choice to bring the water to the boil
preventing the use of the lid e that is made in order to better
approximate a typical cooking task e is not functional to this pur-
pose. As a matter of fact, uncertainties related to temperature
reading and vaporisation in the boiling region lead to high vari-
ability between test replicates [68]. In order to improve the reli-
ability and replicability of the tests, the latest version of the
protocol includes the section “Changes to Testing Conditions to
Improve Repeatability”, which refers to different fuels and pot
characteristics. However, eventual changes involving other pa-
rameters (pot insulation and maximumwater temperature), which
deeply affect test variability, are notmentioned. Such problems give
evidence of an unsolved conflict between the declared purpose of
the WBT (viz. to be a design-phase test, not intended to be repre-
sentative of real-use performance), and a general tendency to use
the results form WBT as a significant means to select the most
appropriate cooking stove for a given context [24,28,41].

A lot of debate has been made around formulation of metrics,
primarily on thermal efficiency (Table C3), which is often inter-
preted as the most immediate and distinctive stove performance
parameter. Studies from Bailis et al. [69] highlighted how relying on
WBT thermal efficiency outputs, regardless of the relative impor-
tance of high and low power cooking tasks among the target
population, can lead to misleading interpretations. Furthermore,
Zhang et al. [61] and Jetter et al. [20] questioned the scientific
meaningfulness of thermal efficiency at simmering. Indeed, this
phase is characterised by highly variable steam production, which
represents a heat loss in the energy balance but positively con-
tributes to the efficiency value in the actual formulation of thermal
efficiency.

Finally, some unsolved issues concerning statistical significance
of data are worth mentioning. WBT 4.2.3 includes “Statistic Lessons
for Performance Testing” as Appendix 5[55]. The appendix specifies
that the minimum number of test replicates for eachmodel of stove
should be three, although it is reported that this number of repli-
cates is not necessarily sufficient to determine a stove performance
within a certain confidence interval. Nevertheless, Wang et al. [67]
noticed how a great majority of published studies are performed
using a number of replicates that is equal or less than three, perhaps
due to a misinterpretation of the Appendix message as “only three
tests are needed”, regardless of variability and confidence interval.
Wang et al. investigated this topic using a simplified version of the
WBT 3.0 and demonstrated that more than 5 replicates are likely to
be required to avoid impractically large 95% confidence intervals
and that even more replicates may be required to demonstrate a
statistically significant difference in performance between two or
more stoves [67].

3.2. Emissions & Performance Test Protocol (EPTP)

The Emissions & Performance Test Protocol (EPTP) was devel-
oped as an improvement of the WBT 3.0 (2007). It is proposed as a
standardized and replicable test to compare different cookstoves
for different cooking applications, with the aim of helping stove
designers in the study of both heat transfer and particulate emis-
sions [56]. Similarly to the WBT, the EPTP is composed of three
phases (cold start, hot start and simmering e Fig. 3), but it was
specifically developed to address the issue of repeatability of tests.
For this reason, it includes some peculiar modifications intended to
reduce sources of uncertainty: pots are insulated by a floating layer
of «closed-cell foam» [56] during high-power phases, and water is
heated only up to 90 �C rather than to boiling point.

The intrinsic weakness of the WBT, in correlation to the real-life
relevance of results, is embodied in the EPTP: the protocol does not
propose a solution for the issue of testing the stove only for a fixed
sequence (viz. high-power and low-power), fixed pot and fixed fuel
type, that contributes to make unreliable predictions of the real
field performance of a stove.

Since the declared purpose of the EPTP is the improvement of
results repeatability, all changes in the procedure, as compared to
WBT, are motivated by this goal. L'Orange et al. [68] carried out
studies comparing results from three EPTP replicates on the
Envirofit International B1100 cookstove to standardWBT results on
the same stove. They compared the Dry fuel use and CO emissions
output parameters: no statistically significant difference between
results from the two protocols emerged, although the EPTP was
found to reduce the coefficient of variation (COV) for «nearly every
stove performance metric tested». The results from this study
proved the effectiveness of the EPTP in decreasing variability
thanks to procedural changes introduced (viz. heating to 90 �C and
foam insulation) and revealed a reduction in the total time needed
to complete the test, as compared to WBT.

Concerning performance metrics, the EPTP only slightly differs
from the WBT. In particular, the EPTP avoids ambiguities related to
thermal efficiency evaluation at lowpower, as it does not define any
efficiency parameter for the simmering phase, relying solely on
Burning Rate and Firepower (details on the equipment re-
quirements, the stove operation and the performance metrics are
presented in Appendices A, B and C).

The approach to the issue of statistical significance and number
of replicates slightly differs from the WBT. Indeed, an exhaustive
appendix (viz. Appendix G: Statistical Considerations [55]) is
included in the protocol, explaining the basic principles of confi-
dence intervals and the influence of replicates number. In this case,
the protocol also provides a formula to calculate «the number of
test replicates required to determine significant difference in the
performance of two test stoves» [56]. However, in the section
Overview of the EPTP, presenting the test sequence, it is simply
affirmed that each stove is tested «three times in a sequence» [56],
possibly leading to the same ambiguity discussed for the WBT.
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3.3. Adapted Water Boiling Test (AWBT)

The Adapted Water Boiling Test protocol [57] was proposed as
an evolution of the previous “Protocole de Test d’�Ebullition de l’Eau
Comparatif” [70] e also known as Comparative Water Boiling Test
e, and as an alternative to WBT 3.0. According to GERES, this pro-
tocol was designed «to ease its implementation in developing
countries, reduce errors, and take into account local methods of
cooking», as well as to be more «accessible to local development
agencies and organizations working on the evaluation and
dissemination of cookstoves» [57].

Differently from the WBT, the AWBT only consists of two phases
which should be performed in a single continuous sequence,
namely Cold-Start High-Power and Evaporating High-Power (Fig. 4).
The two phases consist respectively in bringing a not-fixed volume
of water to the boil, and consequently keeping the water temper-
ature within a maximum range of 3 �C below the boiling point.
Since the fuel amount is definite, and assessed a priori in response
to local habits, the test ends once the fuel is exhausted and the
temperature of the water drops 3 �C below the boiling point.
Following the protocol, a complete assessment of a stove is per-
formed through the evaluation of the useful energy provided to the
water and the time needed to complete the different test phases.
Details on the equipment requirements (pot, fuel, insulation), the
stove operation and the performance metrics are presented in
Appendices A, B and C, but it is worth noting that no precise pre-
scriptions are given regarding fuel type, since any local fuel is
admitted for testing. Similarly, pot material and dimensions, as well
as the volume of water, depend on local practices and are not fixed,
although a volume of water between 2 and 3 L is suggested.

As regards the real-life relevance of results, the AWBT is based on
the assumption that taking into account typical cooking practices of
the target area and including them in the testing procedure e in
terms of fuel amount, pot type, etc. e may help in predicting
average field performance. Johnson et al. [23] and Pemberton-
Pigott [71] consider this approach a necessary step to improve
current testing methodologies. Nevertheless, the AWBT procedure
is still based on a fixed burn sequence, instead of following a typical
sequence in use by the target community, and thereby not
achieving an actual and complete user-centred approach.

The protocol embodies also the WBT's repeatability issues, i.e.
the uncertainties related to temperature readings and vaporisation
in the boiling region [68]. Furthermore, doubts may arise from the
criterion chosen to determine the boiling point. In fact, the pro-
cedure indicates that the boiling point has been reached once the
temperature readings have been constant for 10 s, which seems
dependent on tester discretion, leading to further variability and
errors.

A peculiarity of the AWBT, in terms of performance metrics, is
Fig. 4. Scheme of the AWBT procedure.
that performance evaluation is focused on the concept of
“improvement” in relationship to the baseline stove used for
comparison, which is an important parameter for fostering the
success of stove dissemination programs. Nevertheless, only time
and fuel savings are investigated, which are a few parameters
compared to other protocols, whilst emissions are not measured at
all. Furthermore, this difference in performance is assessed by
testing both stoves simultaneously, filled with an identical amount
of fuel. Beritault et al. [72] report such practice may lead to errors in
case of testing batch-feed charcoal stoves, when the optimum
amount of fuel for one stove can be different from the other one.

As regards statistical significance of results, the AWBT suggests to
perform a minimum of three comparative tests to assess a stove,
despite Wang et al. proving how the minimum number of test
replicates needed to obtain a statistically significant result cannot
be assumed a priori equal to three, since it may be much higher
depending on the cooking systems being compared [67]. Further-
more, the AWBT only reports that «results are considered statisti-
cally valid if the Coefficient of Variation (COV) for the useful energy
of each cookstove is below 10%». However, though a low COV in-
dicates a low variability of results, it does not represent a substitute
for an inference about the significance level of results, since it does
not provide information about their confidence interval.
3.4. Heterogeneous Testing Procedure (HTP)

The Heterogeneous Testing Procedure was developed as a
response to the increasing need for the certification of stoves under
both Clean Development Mechanism (CDM) and voluntary market
projects, calling for the creation of testing protocols capable of
simulating real-world use of stoves [58,66]. The main peculiarity of
the HTP is to test the stove over a range of three different power
levels e that are high, medium and low e and with more than one
pot size. This approach is based on the assumption that pollutant
emissions and thermal heat transfer mechanism vary with power
levels and the size of the pot [66]. Differently from the WBT, the
HTP consists of a single continuous phase (Fig. 5), during which the
three different power levels are tested bymeans of pot swapping, i.e.
the subsequent use of three water pots. During the whole test
duration, the stove and the pot are placed on an appropriate scale,
which tracks in real-time the changes in the weight of the appa-
ratus. It is important to underline that in the case of HTP, differently
from the WBT, the pot is placed on the stove with the lid. Once the
fire is lit and the stove is fuelled at the highest power, the water
temperature and total mass of the apparatus are recorded; themass
of the burned fuel is also measured by temporarily lifting the pot
from the stove. As the water temperature reaches 80 �C, the power
Fig. 5. Scheme of the HTP procedure. The procedure is repeated for any pot/fuel/stove
combination tested.



Fig. 6. Scheme of the BIS procedure.
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is turned down to themidpoint between the lowest and the highest
possible. The pot is replaced with an identical one, filled with fresh
water, and the stove is fuelled at medium power until the water
temperature reaches 80 �C again. At this stage, the same sequence
of operations is repeated for the low-power setting, using a third
pot. According to the protocol, a complete assessment of a stove is
performed by repeating this procedure for each combination of
fuel, pot and stove, at least three times. Performance metrics are
missing in the original HTP document [58], and have been partially
recovered from papers by Makonese and Pemberton-Pigott in
Refs. [66,73]. For further details on the equipment requirements
(pot, fuel, insulation), the stove operation and the performance
metrics refer to Appendices A, B and C.

As concerns the real-life relevance of results, the HTP introduced
a number of innovations in the world of ICSs performance evalu-
ation. In particular: (i) testing the stove on three power levels and
for different pot sizes, and (ii) providing as a result a set of per-
formance curves covering a range of cooking conditions. These
peculiarities are based on the key idea that testing an ICS merely on
high-power and simmering tasks e as prescribed by the WBT e

cannot provide a complete assessment of the actual stove perfor-
mance, as stated by previous studies [23,37]. Conversely, the pro-
tocol considers performance curves to provide more
representative «predictions of emissions and performance when
conducting cooking tasks or combinations of tasks» [66]. Still, the
HTP does not reproduce the real burn sequence of the target pop-
ulation, which shall be possibly composed of different combina-
tions of high, medium and low-power tasks with different
durations. Unfortunately, the literature is missing case studies
comparing HTP lab results with field performance, not allowing for
a precise assessment of the effectiveness of those innovations.

The HTP also tries to improve repeatability avoiding the ther-
modynamic sources of uncertainty related to temperature reading
and vaporization at temperatures close to boiling point. To this end,
the protocol prescribes lid insulation and limits the maximum
temperature to 80 �C. However, a detailed theoretical study of the
specific impact of these expedients on testing variability is missing,
as well as an evaluation of possible changes in performance output
between this procedure and the traditional “boiling” procedure.
Criticalities can be identified in the procedure and in the experi-
mental set-up needed to perform the protocol. Indeed, the HTP
adds complexity to the experimental set-up since it requires real-
time weighing; furthermore, the pot needs to be lifted every 60 s
in order to read the changes in the fuel mass. The impact of these
practices on uncertainty should be better evaluated. Also, while the
feasibility of operating a stove at three different power levels may
be reasonable for devices equipped with a power-level regulation
(e.g. some models of ethanol gel stoves), the same practice is
arguable when testing most common wood stoves, and criteria to
identify power settings should be more precisely discussed [66].

Furthermore, the HTP also avoids all the ambiguities related to
the low power metrics formulation of the WBT: it does not try to
approximate any phase where thewater is “simmering” at constant
temperature around the boiling point, but rather reproduces a heat
transfer procedure where the stove is fuelled at a low-power level
to bring the water from ambient temperature to 80 �C. According to
Zhang et al. [61], this should be the proper way to evaluate low-
power parameters, as low-power and simmering are not syno-
nyms. As a matter of fact, a simmering task only involves water
evaporation, maintaining water temperature constant for a definite
period of time. In a low power phase, instead, the stove is operated
at the lowest possible power in order to achieve a certain increase
of water temperature.

Finally, the time needed to perform a complete testing
sequence, viz. three times for each fuel/pot/stove combination, is
high as compared to other protocols, regardless of statistical sig-
nificance considerations.
3.5. Indian Standard on Solid Biomass Chulha-specification (BIS)

This protocol was designed specifically for the testing of Chulhas
Improved Stoves in India. It does not account for stoves using fuels
other than wood or multiple pots, while it accounts for emission
testing [50]. Sutar et al. [51] and Raman et al. [74] mention a
“Revised version” of BIS protocol, dated 2013, also giving a few
details about changes in the protocol. Unfortunately, only a draft
version of the protocol is available from the Bureau of Indian
Standards website [52]. The present analysis will thus refer to the
original BIS version dated 1991.

The BIS protocol is based on a different concept than WBT. It
does not try, in fact, to approximate a real burn sequence (boiling
and simmering), but rather aims at studying an ideal heat transfer
process. Fuel amount is calculated a priori as a function of the stove
firepower andmultiple lidded pots are used in a sequence until fuel
exhaustion (pot swapping, conceptually is the same procedure
adopted by the HTP protocol e Fig. 6).

Moreover, the BIS protocol does not repeat the process for
different power levels. If testing is contextual to the Indian region,
this choice may have a limited impact on the real-life relevance of
results, as Indian cooking cycles are dominated by high power
phases [59]. Conversely, completely avoiding low power testing can
lead to very misleading interpretations of stove performance when
real burn sequences are likely to require multiple power levels [28].
Furthermore, attention should be paid on fuel prescriptions:
although the choice to use completely dried fuel for testing
(Table A1) is consistent with the test rationale of reproducing an
ideal heat transfer, it may lead to results that are very unrepre-
sentative of typical field usage, since fuelmoisture content has been
proved to highly influence stove performance [31,68].

Rigid procedure requirements are provided to avoid tester
discretion and to improve repeatability (see Table A1). In particular,
the fixed amount of fuel is highlighted by Arora et al. [75] as an
important factor reducing variability as compared to WBT. How-
ever, doubts arise from the choice to set a temperature limit to 5 �C
below boiling point (Table A1), which is still too close to boiling
point to avoid the related thermodynamic sources of uncertainty, as
documented by L'Orange et al. [68]. Other protocols performing pot
swapping and trying to reproduce an ideal heat transfer process, in
fact, set the maximum temperature at much lower values (e.g.
70 �C). Another possible source of variability comes from the choice
to set the End of Test as there is «no visible flame» in the stove body:
the assessment of this parameter is subjective and variable with
stove operator and design.

Finally, no indications are provided regarding the minimum
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number of replicates.

3.6. Chinese standard

This protocol is designed for the testing of «household stoves»:
biomass stoves for cooking or heating, with a power up to 50 kW
[53]. The following analysis will take into account «cooking
stoves» only.

A remarkable aspect is that the protocol gives a set of re-
quirements an ICS model should satisfy to be approved for being
disseminated; such requirements regard the design safety, the
appearance, the firepower, the efficiency and the emissions of the
stove. The protocol also suggests the stove to be equipped with a
chimney, to maintain a temperature of less than 60 �C in normal
functioning conditions, without specifying which surface the
temperature is referred to, and to ensure a lifetime of at least 3
years under normal operation e even if no method is provided for
the estimation of this parameter. Such requirements were devel-
oped specifically to support the CNISP and to test Chinese cook-
stoves. As a consequence, the protocol is not readily adaptable to
different stove designs or regions. Furthermore, testing parameters
(viz. fuel and water amount, pot dimensions) are chosen as a
function of the «nominal cooking power», which should be indi-
cated by the manufacturer, meaning that artisanal stoves could not
be tested following the same procedure. The amount of fuel derived
on the basis of the Cooking Power determines the duration of the
test, as the procedure e made up of a single continuous phase in
which boiling and simmering are subsequent e is stopped when
the fuel is insufficient to maintain water temperature at 95 �C
(Fig. 7).

Although simple and quick to realise, the procedure is based on
a fixed sequence, whose real-life relevance depends on its adher-
ence to the target population's burn sequence [23].

As regards repeatability, the protocol is missing some procedure
details (e.g. unclear ignition step), leading to possible ambiguities
and giving space to tester's discretion, which is a source of vari-
ability. In addition, it is lacking in description of reasons behind
some methodological choices (e.g. use of lids), which also have an
impact on repeatability.

Questions arise as well on performance metrics, and thermal
efficiency in particular: all other protocols evaluate separately
thermal efficiencies for different power settings, although the same
formulation of the parameter is generally maintained throughout
all phases; here, a single efficiency parameter is defined from the
start to the end of the test, without distinction between high-power
and simmering performance (Table C3). Considering that problems
related with the rigorousness of thermal efficiency at simmering
have been well documented [61], and that the WBT 4.2.3 itself
Fig. 7. Scheme of the CS procedure.
advises to view this parameter with caution [55], the choice to
merge into a single value high power and simmering efficiencies
seems arguable. Similar considerations can be made about the
cooking power metric (Table C2), based on identical data in the
numerator of the equation.

No indications are provided about the minimum number of
needed replicates.

3.7. Protocols under development

In recent years newapproaches to cookstove testing, namely the
Burn Cycle Test (BCT) [23], the Water Heating Test (WHT) [71] and
the Firepower Sweep Test (FST) [76], started being proposed as a
response to the growing need for protocols capable of predicting
average field performance [20]. Details on these protocols are not
given within this study, since the BCT remained in the form of a
proposal and the other two are still work in progress. However,
some of the researchers and experts who contributed to those
studies are now actively involved in the process led by the Inter-
national Organization for Standardization (ISO) for the definition of
new testing standards. In fact, the Technical Committee 285 -
Working Group 2 on “Clean cookstoves and clean cooking solu-
tions” is developing two new lab protocols (defined as General
laboratory test sequence and Contextual laboratory test sequence),
trying to improve the reliability of testing results and their trans-
latability to field contexts [77]. The following overview on the
mentioned studies aims therefore at providing a first reference of
the concepts that should be formalised under the ISO process.

3.7.1. Burn Cycle Test (BCT) and Firepower Sweep Test (FST)
The BCT was proposed in 2010 in awork by Johnson et al. [23]. It

was the first study to highlight that «specific tasks cannot encom-
pass the variety of daily stove use activities, with up to 90% of stove
tasks in some regions not involving boiling water». According to the
authors, in order to reduce the gap between lab and field perfor-
mance, greater attention should be paid on the burn sequence,
which should be representative of that which occurs during daily
cooking activities in homes. A meaningful protocol should there-
fore test the stove over the same average daily burn sequence that
is commonly used by the target households. The authors proposed
a procedure that can be summarized in the following steps:

1) the average daily burn sequence is derived from sample
households in the field, using gas analysers and CO2/(COþCO2)
ratio as a proxy for combustion efficiency;

2) using similar fuel type and moisture content as in the field, 1 kg
of wood is split into 5 or 6 equal parts and used to feed the
baseline stove (three-stone fire or other stove) in order to
reproduce the same distribution of emission rates and com-
bustion efficiencies of the field burn sequence;

3) ICSs are tested over this previously defined lab burn sequence,
during the design phase.

The BCT approach was meant to allow for a clear analogy be-
tween the lab and the field, as stoves would have been tested over a
burn sequence calibrated on the target population. Moreover, the
authors suggested that preliminary estimates of GHGs emissions
would have been enabled through prediction models, as CO2-
equivalent emissions are linearly linked to combustion efficiency.
However, the BCT remained in the form of a proposal, and Michael
Johnson eventually joined Bilsback et al. in the development of the
Firepower Sweep Test (FST), which can be regarded as a further
development of the studies carried out by the BCT authors. In fact,
one of the key innovations proposed by the FST is the use of pre-
diction models in order to estimate to what extent the emissions
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assessed in the lab may vary in real-use conditions [76]. However,
differently from the BCT, the protocol is no more based on a
representative burn sequence derived from field observations but
rather on a generalised sequence trying to encompass a more
representative range of power settings than the WBT's. The FST
concept was presented at the ETHOS Conference 2016 but is still a
work in progress, which should possibly converge into the ISO
process.
3.7.2. Water Heating Test (WHT)
The Water Heating Test is a revised version of the HTP, which

has been already used as a performance evaluation tool in some
large scale programs (the most relevant is the Indonesian Clean
Stove initiative [27,71], started in 2012 and funded by the World
Bank), though it is still a work in progress only partially formalised
in 2014 [71]. C. Pemberton-Pigott, from the SeTAR Centre, is the
main author of this new approach. The WHT objective is «to eval-
uate biomass fuel burning cooking appliances in a realistic manner
such that their future performance in the hands of a given com-
munity is reasonably predicted» [71]. The idea, similarly to the BCT,
is to derive a contextual burn sequence that is representative of the
average local cooking experience. In this case, the burn sequence is
not derived from emission profiles in the field but rather from an
evaluation by social scientist of two or more meals or cooking
patterns that should be representative of all the different power
levels required by a specific target population, viz. of the typical
burn sequence. Through a sequence of intermediate tests, the
typical daily average burn sequence of the specific target user is
reproduced, finally becoming the overall sequence over which ICSs
will be tested in the lab. The WHT testing procedure reflects the
HTP's (ideal heat transfer and pot-swapping) and is kept always
identical, while the burn sequence is directly derived from the local
context.

As the ISO Process is still a work in progress, conclusions are
postponed to the official publication of the new protocols. How-
ever, it can be already noted that the common idea of these two
approaches is to widen the range of conditions under which the
stove is evaluated and to include considerations about the final
context of use.
4. Discussion

The comparative analysis of all existing lab protocols carried out
in the previous section was meant to provide a precise overview of
each test, highlighting its purpose, procedural concept, and
strengths and weaknesses. For an overall comparison of the
different features considered by the analysed protocols, refer to
Tables A1, A2, and B1. The analysis allows in particular for the
identification of some critical issues e summarised in Fig. 8 e that
are common to all protocols and that represent key points to be
addressed by further studies in order to develop new and effective
standards.
Fig. 8. Summary of key common issues of the labor
The first common issue to be highlighted is that none of the
current laboratory-based protocols can provide results that are
representative of average stove performance in a real context of
use. In fact, real-use performance are not merely concerned with
the stove, but are rather contingent on different factors, namely:
stove design, pot type, fuel and moisture content, burn sequence
[6,20,25e31]. All those factors together should be treated as an
integrated thermal system [25] or “cooking system” [26], with the
last three being strongly dependent on the local context. If the
dependence of results from pot shape/volume might be avoided by
means of changes in the formulation of metrics, fuel type and burn
sequence should still be studied in relationship to the real context
of use, and integrated into testing, in order to have a chance of
predicting average field performance in the lab [59]. Instead, as
emerging from the present analysis, most of current testing pro-
tocols are performed fixing those factors e this is for the sake of
repeatability and comparison of results between different labora-
toriese, resulting in performance ratings that are only valid for that
particular setting, and that are untranslatable to performance in the
field. Consequently, a stove that is highly rated by one of current lab
test might be poorly performing under different circumstances.
Therefore, if the purpose of the tester is to assess average field
performance of a stove in a specific local context, the utilisation of
any of the current lab testing protocols may lead to inappropriate
estimations. Indeed, it would be necessary to look at approaches
under development considering the whole “cooking system” and
reproducing it into the lab. Nevertheless, it is important to under-
line that the results of such approachesmay still differ from real-life
performance. As a matter of fact, factors such as the user ability to
operate the stove, or the size, shape and airflow of the roomwhere
the stove is used, have a strong influence on performance and
cannot be taken into account in a laboratory test [26,34]. To this
regard, a pilot assessment in the field may still be needed.

An important consequence of these considerations is that the
Tier of Performance of a given stove, assigned based on the results
from WBT or similar protocols, may result in a not reliable perfor-
mance indicator for technology selection. This concept should be
stressed as, although almost all of current lab protocols underline
that their usefulness is limited to the design evaluation of a stove,
and that results should not be intended as real performance in-
dicators, there is still a great misunderstanding about their role. In
fact, lab tests results are very often used as the only performance
indicators for stoves selection. In order to push technological
development in a more user-oriented direction, alternative Tiers of
Performance may be defined based on testing approaches consid-
ering the whole “cooking system”. In this case, the Tiers would
allow for a comparison between different ICS models that is rele-
vant in correlation to the target population on which the “cooking
system” is calibrated.

The second common issue regards the use of current protocols
to determine the effect of design alterations on performance or to
identify the best stove designs, which is claimed as their main role
atory-based protocols considered in the review.
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and purpose. Actually, ceteris paribus, a given stove will perform
better or worse than another one while varying its design. How-
ever, a design which is best for a given, fixed combination of all the
factors, could not at all be optimised when a variation of one of the
other parameters which compose the overall “cooking system” is
introduced. For example, as proven by Bhattacharya et al. [31] and
L'Orange et al. [68], CO emissions are strongly influenced by fuel
moisture content. Therefore, testing one stove design for a fixed
moisture content may result in a certain performance, which
however will not be representative of the stove performance for a
higher or lower moisture content. To avoid such problems, some
protocols, as the WBT itself, suggest using typical local fuel for
testing. Nevertheless, they still rely on classifying a stove design on
a “Performance Tier” as if the results were inherent to that partic-
ular design, independently from the fuel, the pot and the burn
sequence, leading to misinterpretations and failures in technology
selection. A large part of tests published on the GACC Clean Cooking
Catalog [78] are in fact missing wood type and moisture content
details, yet Tiers ratings are evaluated in any case. The key concept
to be highlighted is that no design can be considered as generally
valid, since stoves do not have only intrinsic characteristics, but
their performance are rather dependent on local circumstances,
particularly as regards fuel consumption and emissions [23]. «There
cannot be a single universally efficient cooking stove» [25].

In addition to the above considerations, further reflections
should concern the repeatability of results, the formulation of
performance metrics and the statistical analysis of data. Traditional
boiling procedures are in fact characterised by large variability in
test results [68], which other protocols try to address focusing on
thermodynamic sources of uncertainty (viz. boiling regime and
evaporation), and in particular limiting the temperature to a given
threshold and insulating the pot. However, further theoretical and
experimental studies would be needed to evaluate the effective-
ness of those changes in improving the repeatability of test results
and to define an optimal procedure. The mentioned changes are
also often criticised as they might lead to different performance
than those evaluated by means of traditional boiling procedures,
yet differences might be easily avoided by adopting a more rigorous
reference for the definition of typical performance parameters.
Finally, statistical data analysis should be structurally integrated
into the protocol procedure, as well as clear recommendations
regarding the number of replicates needed and how to report tests
results, since neglecting the epistemic statistic uncertainties orig-
inating from lab tests might lead to misinterpreted evaluations of
ICSs' performance [79]. Recent studies suggest that a combination
of different statistical approachese possibility theory and t-student
approach e might be adopted depending on the number of repli-
cates: Riva et al. [79] suggest relying on possibility theory when
Table A1
Procedure and equipment details for all laboratory protocols considered.

Parameters for
comparison of
testing procedures

WBT 4.2.3 (2014) EPTP (2009)

n� phases 3
(2 HP þ 1 LP)

3
(2 HP þ 1 LP)

Pot Insulation no closed-cell foam
(HP only)

Max value of water
temperature

Boiling temperature 90 �C

Water quantity 5 L 4-6 L
imprecise knowledge and epistemic uncertainty related to small
sample sizes arise e viz. fewer than five replicates at least, ac-
cording to Wang et al. [67]. Nevertheless, they suggest further
studies would be needed to clearly define a threshold number of
replicates below or above which it may be preferable to use pos-
sibility theory or the traditional t-student approach, respectively.
5. Conclusions

The findings of this work should contribute to avoid the present
confusion about the role of lab tests and the misinterpretation of
their results as performance indicators for stoves selection. In
addition, the analysis allows for the identification of areas for
further research to be addressed within the framework of the ISO
process for the development of new standards. To this end, we
provide a possible research path for the definition of a standard:

(i) performing theoretical and experimental studies to clearly
identify the sources of variability in a testing procedure, the
external parameters on which those sources are dependent
and the most effective method to control them;

(ii) based on the cited critical studies in the literature, defining
meaningful and rigorous metrics, which should be inde-
pendent from pot dimensions and water volume;

(iii) integrating statistical analysis of data when publishing
testing results, avoiding the publication of non-significant
ones. The analysis should take into account both possibility
theory and t-test depending on the number of replicates;

(iv) ensuring the real-life relevance of results through the inte-
gration with different burn sequences and fuels, calibrated
on the target user. Research should focus on a cost-effective
procedure to realise this integration;

(v) defining a new rating system, to allow for a comparison of
different stove designs that is real-life relevant in correlation
to the specific target user;

It is also worth noting that, as a result of this path, the afford-
ability of the standard would be achieved as well. Indeed, a high
degree of repeatability ensures that a reasonable number of repli-
cates is sufficient to draw statistically significant conclusions. In
addition, a cost-effective testing procedure would reduce the time
needed to perform a single test replicate. However, field testing
would be still needed to take into account user variability and
boundary conditions in a room or in an outdoor setting.
Appendix A. Requirements on procedure and equipment
AWBT (2010) HTP (2010) Indian BIS (1991) Chinese Std.
(2008)

2
(1 HP þ 1 LP)

3
(1
HP þ 1 MP þ 1
LP)

1
(HP)

2
(1 HP þ 1 LP)

no lid lid lid (HP only)

Boiling
temperature

80 �C boiling temperature
minus 5 �C

Boiling
temperature

3-5 L 80% of the pot's
volume

2-18 kg (depends on
power)



Table A1 (continued )

Parameters for
comparison of
testing procedures

WBT 4.2.3 (2014) EPTP (2009) AWBT (2010) HTP (2010) Indian BIS (1991) Chinese Std.
(2008)

Temperature of the
water at beginning
of test

Ambient temperature 4-30 �C e e 23 ± 2 �C e

Ignition method (depends on local
habits)
start test «after the fire
has caught»

(depends on manufacturer's indications; if not
present, kindling materials are suggested based
on fuel type)
start test before ignition

(depends on
local habits)
start test when
kindling is
exhausted

(depends on
local habits)

use kerosene as
kindling, start test
after 30 s

(left to tester's
discretion)
start test «when
the fuel starts to
burn»

Phase duration
(when time
dependent)

45 min (LP) 45 min (LP) e e >60 min. e

Minimum n� pots 1 1 e 3 2 1
Pot volume 7 L (volume) e e 6.4 L or 3 L (depends on power) (depends on

power)
Fuel cross-sectional

dimensions
1.5 � 1.5 cm2 1.5 � 1.5 cm2 e e 3 � 3 cm2 e

Length of fuel pieces e e e e half the diameter/
length of combustion
chamber

e

Moisture content of
fuel

6.5% or 10% 4-10% 15% (for
fuelwood)5%
(for charcoal)

e 0% e

Pre-weighed bundles
of fuel

5 kg 5 kg (depends on
local habits)

e (depends on power) (depends on
power)

Gaseous emission
equipment

(different options are
presented with pros
and cons)

NDIR (at least one replicate), electrochemical e NDIR,
electrochemical

(different options are
allowed)

e

Particulate matter
equipment

(different options are
presented with pros
and cons)

gravimetric (at least one replicate), optical e gravimetric gravimetric e

WBT¼Water Boiling Test; EPTP¼ Emissions& Performance Test Protocol; AWBT¼ AdaptedWater Boiling Test; HTP¼ Heterogeneous Testing Procedure; Indian BIS¼ Indian
Standard on Solid Biomass Chulha-Specification; HP ¼ High Power; LP ¼ Low Power; MP ¼ Medium Power.
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Appendix B. Energy and emission indicators
Table B1
Indicators of energy performance considered by different protocols.

Energy indicators WBT 4.2.3 (2014) EPTP (2009) AWBT (2010) HTP (2010) Indian BIS (1991) Chinese Std. (2008)

Fuel Consumption ✓

(Specific fuel consumption,
Burning rate)

✓

(Burning rate)
✓

(Potential fuel
differences)

✓

(Burn rate)*
e e

Power ✓

(Fire power)
✓

(Overall fire power,
Useful fire power)

e ✓

(Fire power)*
✓

(Burning capacity rate,
Power output rating)

✓

(Cooking power)

Thermal efficiency ✓ ✓ e ✓ ✓ ✓

Useful energy e e ✓ e e e

Turndown Ratio ✓ e e e e e

Time to boil ✓ ✓
**

✓ e e e

Total time of test e e ✓ e e e

*Not specified in the protocol but mentioned from the same authors in Makonese, Tafadzwa, et al. “Performance evaluation and emission characterisation of three kerosene
stoves using a Heterogeneous Stove Testing Protocol (HTP).” Energy for Sustainable Development 16.3 (2012): 344e351.
**In this case “time to boil” refers to time needed to heat the water from its starting temperature to 90 �C.
✓ ¼ indicator considered in the protocol.
() ¼ the brackets include the name of the related energy indicator as defined in the original protocol.



Table B2
Indicators of emissions performance considered by different protocols.

Emission indicators WBT 4.2.3 (2014) EPTP (2009) AWBT (2010) HTP (2010) Indian BIS (1991) Chinese Std. (2008)

Emission Factor ✓

(CO, CO2, PM)
e e ✓

(CO, CO2)
e e

Pollutant Mass produced ✓

(CO, CO2, PM)
✓

(CO, PM)
e e ✓

(PM)
e

Emission per Water Boiled ✓

(CO, CO2, PM)
e e e e e

CO/CO2 ratio e e e e ✓ e

*Not specified in the protocol but mentioned from the same authors in Makonese, Tafadzwa, et al. “Performance evaluation and emission characterisation of three kerosene
stoves using a Heterogeneous Stove Testing Protocol (HTP).” Energy for Sustainable Development 16.3 (2012): 344e351.
✓ ¼ indicator considered in the protocol.
() ¼ the brackets include the name of the related energy indicator as defined in the protocol.
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Appendix C. Metrics for the measurement of energy and
emission indicators

Performance metrics are usually calculated separately for each
phase, or power setting, composing the procedure. However, their
general formulation keeps uniform throughout a test, with only
slight variations occurring in a few cases. Accordingly, metrics
formulations are here reported only once, eventually highlighting
Table C1
Metrics referred to fuel consumption for different protocols.

Energy indicator: fuel consumption

WBT (v. 4.2.3) SC ¼ fd
mw;f

½kg kg�1� S

EPTP Rb ¼ fd
t ½kg s�1� B

AWBT PFD% ¼ 100$UEICS�UEtraditional
UEISC

½�� P

Table C2
Metrics referred to power for different protocols.

ENERGY INDICATOR: Power

WBT (v. 4.2.3) FP ¼ fd$LHVwood;dry

t ½kW �
Indian BIS BCR ¼ 2ðmst:þw:;i�mst:þw:;f Þ$LHVwood

3600 ½kW�P0 ¼ BCR$h ½

Chinese Standard PC ¼ mw;i cp;wðTb�TiÞþðmw;i�mw;f Þhlv

t ** ½kW�
EPTP FPo ¼ fd$LHVwood;dry

t ½kW�FPu ¼ FPo$h ½kW �

** The metric is calculated jointly for the high power and low power phases. The mass of

Table C3
Metrics referred to thermal efficiency for different protocols.

Energy indicator: thermal efficiency

WBT (v. 4.2.3) h ¼ mw;i cp;wðTb�TiÞþmevahlv

fd$LHVwood;dry
*

Indian BIS h ¼ ðn�1Þðmpotþlidcp;Alþmw;i cp;wÞðTlimit�TiÞþðmpotþlidcp;Alþmw;i

mwood$LHVwoodþmkindling$LHVkindling

Chinese Standard h ¼ mw;i cp;wðTb�TiÞþðmw;i�mw;f Þhlv

mwood$LHVwoodþmkindling$LHVkindling
***

EPTP h ¼ mw;i cp;wðTlimit�TiÞþmevahlv

fd$LHVwood;dry

HTP h ¼ ðmw;i cp;wÞðTlimit�TiÞþmevahlv

fd$LHVwood;dry

*In the simmering phase, the mass of water simmered is not the initial mass of water, b
** In the protocol, it is not indicated whether the mass of water in the formula refers to th
at the beginning of the test, the authors concluded that this should be the initial mass o
*** The metric is calculated jointly for the high power and low power phases. The mass of
remarkable exceptions. Furthermore, metrics formulation is re-
ported in the same form as in the protocol, and terminology dis-
crepancies may thus emerge between identical metrics.
pecific fuel Consumption ¼ equivalent dry fuel consumed
effective mass of water boiled

urning Rate ¼ dry fuel consumed
test duration

otential fuel differences ¼ Usefuel energy of the improved stove�Usefuel energy of the traditional stove
Usefuel energy of the improved stove

FirePower ¼ fuel energy consumed to boil or simmer water
time to boil or simmer

kW�
Burn Capacity Rate ¼

2$
�
Dmass

stoveþwood;
1 =

2 hour

�
$wood calorific value

1 hour
Power output rating ¼ Burn Capacity Rate$thermal efficiency

Cooking Power ¼ fuel energy consumed to boil or simmer water
time to boil or simmer

FirePower ðoverallÞ ¼ average power from fuel combustion
FirePower ðusefulÞ ¼ average power transferred to the pot

water vaporised includes, therefore, also the mass lost during the simmering phase.

energy to bring initial water to boilþenergy due to evaporation
energy of equivalent dry fuel

cp;wÞðTf�TiÞ en: to heat ½ðn�1Þðpotsþlidþw:Þup to Tlimitþlast ðp:þl:þw:Þ up to Tf �
energy of fuel þenergy of kindling

energy to bring initial water to boilþenergy due to evaporation
energy of fuel þenergy of kindling

energy to bring initial water to 90�Cþenergy due to evaporation
energy of equivalent dry fuel

energy to bring initial water to 80�Cþenergy due to evaporation
energy of fuel

ut the average of the initial and final masses of water in the pot.
e initial or final mass. However, since the procedure prescribes to weigh the pot only
f water.
water vaporised includes, therefore, also the mass lost during the simmering phase.



Table C4
Metrics referred to other energy performance indicators for different protocols.

Energy indicator: useful energy Energy indicator: turndown ratio

WBT (v. 4.2.3) TDR ¼ FPcold�start
FPsimmering

high firepower
low firepower

AWBT UE ¼ mw;icp;wðTb � TiÞ þmevahlv ½kJ� en: to bring initial water to boilþ en: due to evap:

Table C5
Metrics referred to emission factors for different protocols for different protocols.

Emission indicator: emission factor

WBT 4.2.3 EFCO ¼ ½COtest ��½CObk �
½C� $2812$fuelFracC$1000 ½g kg�1�

EFCO2
¼ ½CO2;test ��½CO2;bk �

½C� $4412$fuelFracC$1000 ½g kg�1�
EFPM ¼ PMtest�PMbk

C $fuelFracC$10�3 ½g kg�1�
HTP EF ¼ ½Pollutant�

½C� $fuelFracC ½g kg�1�

Table C6
Metrics referred to the total mass of a specific pollutant produced for different protocols.

Emission indicator: pollutant mass produced

WBT 4.2.3 mpollutant ¼ dryfuel$EFpollutant ½g�
EPTP

mCO ¼ Dt$
Pn�1

i¼0 _mCO;i ¼ Dt$
Pn�1

i¼0

 
_V$½CO�i106 $

pe;i

RCO;iTe;i

!
½g�

mPM ¼ mfilter;f �mfilter;i � _mPM;bk$t ½g�
Indian BIS TSP ¼ Total Suspended PM ¼ ðmfilter;f�mfilter;iÞ$106

_Vair�60
½mg m�3�

Table C7
Metrics referred to emissions per water boiled for different protocols.

Emission indicator: emission per water boiled

WBT 4.2.3 Epollutant ¼ mpollutant

mw;f
$1000 ½g dm�3�
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Nomenclature

BCR Burn Capacity Rate [g kg�1]
C Total carbon in exhaust [g m�3]
[C] Average exhaust carbon concentration [mg kg�1]
[COtest] Average exhaust CO concentration [mg kg�1]
[CObk] Average background CO concentration [mg kg�1]
[CO2,test] Average exhaust CO2 concentration [mg kg�1]
[CO2,bk] Average background CO2 concentration [mg kg�1]
cp;Al Specific heat capacity of Aluminium ½kJ kg�1K�1�
cp;w Specific heat capacity of water ½kJ kg�1K�1�
Epollutant Emission of a specific pollutant per water boiled ½g dm�1�
EFx Emission Factor referred to pollutant x ½g kg�1�
fd Equivalent dry fuel consumed ½kg�
FP Firepower ½kW �
FPo Overall Firepower ½kW�
FPu Useful Firepower ½kW�
fuelFracC Fraction of Carbon in the fuel ½g g�1�
hlv Specific enthalpy of evaporation of water ½kJ kg�1�
LHVkindling Lower Heating Value of the kindling used to light the fire

(as received) ½MJ kg�1�
LHVwood Lower Heating Value of the fuelwood (as received)

½MJ kg�1�
LHVwood;dry Lower Heating Value of the fuelwood (dry wood)

½MJ kg�1�
_mCO Instantaneous mass flow rate of carbon monoxide ½g s�1�
meva Total mass of water evaporated during a test phase ½kg�
mfilter;f Mass of particulate filter at the end of a test phase ½g�
mfilter;i Mass of particulate filter at the beginning of a test phase

½g�
mkindling Mass of kindling used to light the fire ½kg�
mw;i Mass of water in the pot at the beginning of a test phase

½kg�
mw;f Mass of water in the pot at the end of a test phase ½kg�
mwood Mass of wood ½kg�
_mPM;bk Average background particulate collection rate ½g s�1�
mpollutant Total mass of a pollutant emitted during a test phase ½g�
mpotþlid Mass of the pot, including lid ½kg�
mst: þw:;i Mass of the stove, including wood at the beginning of the

test ½kg�
mst: þw:;f Mass of the stove, including wood at the end of the test

½kg�
n Number of pots utilised ½��
PC Cooking Power ½kW �
pe Instantaneous pressure at exhaust sampling location ½Pa�
PFD% Potential fuel differences ½%�
PMtest Average exhaust mass concentration of particulate matter

½mg m�3�
PMbk Average background mass concentration of particulate

matter ½mg m�3�
PO Power Output Rating ½kW �
½Pollutant� Average exhaust pollutant concentration ½mg kg�1�
Rb Burning rate ½kg s�1�
SC Specific fuel consumption [kg kg�1]
t Duration of a test phase [s]
tb Time to boil [s]
Tb Local boiling temperature [�C]
TDR Turn Down Ratio [�]
Te Instantaneous temperature at exhaust sampling location

[K]
Ti Temperature of water in the pot at the beginning of a test

phase [�C]
Tf Final temperature of water at the end of a test phase [�C]
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Tlimit Threshold temperature for a test phase [�C]
TSP Total Suspended Particulate Matter [mg m�3]
_V Volumetric flow rate of the emissions collection hood

½m3s�1�
_Vair Volumetric flow rate of ambient air ½dm3s�1�
UE Useful Energy [kJ]
Dt Time between sample points ½s�
h Thermal Efficiency ½e�

Acronyms e Subscripts
AWBT Adapted Water Boiling Test
BCT Burn Cycle Test
BIS Bureau of Indian Standards
CCT Controlled Cooking Test
CDM Clean Development Mechanism
CNISP Chinese National Improved Stoves Programme
CO Carbon Monoxide
CO2 Carbon Dioxide
COV Coefficient of Variation
CS Chinese Standard
EPTP Emissions & Performance Test Protocol
ETHOS Engineers in Technical and Humanitarian Opportunities

of Service
FST Firepower Sweep Test
GACC Global Alliance for Clean Cookstoves
GERES Group for the Environment, Renewable Energy and

Solidarity
GHG Green House Gas
HP High Power
HTP Heterogeneous Testing Procedure
ICS Improved Cooking Stove
ISO International Organization for Standardization
ITDG Intermediate Technology Development Group
LP Low Power
NGO Non-Governmental Organisation
NPIC National Programme on Improved Chulhas
PCIA Partnership for Clean Indoor Air
PM Particulate Matter
SeTAR Sustainable energy Technology and Research
TNMHC Total non-methane hydrocarbons
VITA Volunteers in Technical Assistance
WBT Water Boiling Test
WHT Water Heating Test
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