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1) Executive Summary

The inventory currently contains data from over 600 unique sets of performance tests, which represent
more than 3500 individual samples collected using a range of laboratory and field methods. It was
compiled through a systematic review of published and gray literature using search terms related to
cookstove testing and performance. The inventory has also been designed to facilitate continuous
updates, so that additional sources, including new studies and foreign-language publications, may be
included.

The purpose of this report is to present key information about the current inventory, breaking down the
numbers by type of test, data source, region, and stove and fuel type. The bulk of the current inventory
data is from laboratory tests, especially from North America and Asia, where a handful of large testing
programs have been the main contributors. Although there is much less field data to present, the largest
contribution of field data comes from Africa. Traditional and simple non-traditional stoves have been
the most commonly tested stove types, with more testing now being done on newer stove technologies
and fuels. Finally, the inventory substantiates the expectation that liquid and gas fuels burn more cleanly
than solid fuels, whereas unprocessed crop residues and dung are generally the least clean household
energy sources.

The stove performance inventory also provides an opportunity to map and compare stove performance
against standards or benchmarks, the most relevant of which is the recently approved 1SO International
Workshop Agreement on Clean and Efficient Cookstoves (February 2012). The IWA, whichis a
preliminary step towards a formal ISO standard, uses “Tiers of Performance” to categorize stove
performance levels for efficiency, safety, and emissions. The majority of non-traditional solid-fuel stove
performance results place them in Tiers 1 and 2 for emissions and efficiency, with only liquid and gas
stoves (e.g. ethanol and LPG) meeting the ambitious health and environmental-related targets
associated with Tier 4. By and large, the best biomass stove performers — fan stoves and gasifiers — fit
into Tier 3, although more data is needed to understand if these technologies can obtain similar levels of
performance in the field.

Moreover, the comparison of laboratory and field data where both exist for specific stove/fuel
combinations, which is generally for traditional (Tier 0) and Tier 1 stoves, indicates that laboratory
testing overestimates the field performance for most stove types. The factors identified in the literature
as having the greatest impact on the lab/field performance gap for biomass stoves are fuel quality and
cooking as well as fire tending practices. This finding underscores the need for further field testing of
advanced biomass stoves that fit into Tier 3 based on laboratory tests, to investigate whether this
performance gap continues to exist in the higher tiers and if so, how it might be mitigated.

Although this first iteration of the inventory was compiled through the application of systematic search
criteria and no doubt captures a great deal of the available work, there are some sources that are not
represented and some topics that still need to be explored. Foreign language sources are missing,
especially many Chinese papers, as are many proprietary data sets. Also missing are adoption-related
metrics, as these are not yet well characterized. Finally, efforts still need to be done for mapping results
from different water boiling-based protocols into a unified comparative framework, as well as the
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protocol development that would allow us to better include technologies not designed for typical water
boiling testing, such as those for intended for cooking flatbreads (plancha) and indoor heating.

2) Introduction

The Global Alliance for Clean Cookstoves aims to catalyze 100 million households using clean cookstoves
by 2020 in order to achieve improvements in human health, livelihoods, gender empowerment, and in
the quality and stability of the global environment. The Alliance proposes three kinds of activities to
achieve its goals: enhance demand, strengthen supply, and foster an enabling environment. The
overarching purpose of the Stove Performance Inventory is to support the Global Alliance’s phase one
(2012-2014) priorities in the area of fostering an enabling environment by developing international
cookstove standards and creating systems to deliver robust monitoring and evaluation.

Across the sector, there has been widespread consensus of the need for a comprehensive, transparent
and realistic understanding of stove performance, so that the current landscape can be aptly
characterized and critical threats and opportunities identified. A stove performance inventory database
was recognized as a key building block for this understanding by both the Global Alliance working groups
on Standards and Testing and Monitoring and Evaluation (M&E) and was included in the M&E group’s
roadmap recommendations. A better understanding of the current stove performance landscape was
also a need highlighted by the Climate and Carbon Finance working groups.

To fill this need, Berkeley Air was contracted by the Alliance to create the database framework for a
detailed inventory and to populate it with the most relevant and accessible data. This report outlines
the features of the database and the process used to create it and envisioned for updating its contents
regularly. It also provides an analysis of the current inventory’s strengths and gaps according to several
key parameters, including geographic completeness, representativeness of stoves and fuels,
comparability of metrics, and quality of the data sources. The later chapters seek to explore the
implications of the strengths and gaps on several important ongoing efforts, including the ISO IWA, the
WHO guidelines, the carbon finance market, and the Alliance’s target and goals. The report also
provides a discussion on comparing lab and field results. Finally, the document concludes with a set of
recommendations for filling the gaps, including a review of parallel initiatives and how they fit into the
overall landscape.

By documenting the range of current cookstove performance, the inventory will allow the sector to set
standards that are relevant and credible. It will also allow the Alliance to set a realistic baseline for the
growth target of 100 million households using clean cookstove technologies and inform what will be
necessary to achieve gains in the four key mission areas of saving lives, improving livelihoods, protecting
the global climate, and empowering women. The inventory will also serve the further purpose of
allowing the sector to compare lab and field results and inform a discussion of how assessment methods
could be improved to achieve better standardization, comparability, and efficiency.

3) Methods
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Inventory Development and Composition
Identifying Resources

The review was conducted via a search of readily available information as well as unpublished data that
may not be obtained through conventional web searches. Only sources with directly measured, primary
data were included in the inventory. The data sources were saved and managed using Zotero, a free
open-source resource management software (www.zotero.org). For the initial inventory, only sources
presented in English from the previous 15 years were included (1997 to present). The inventory will be
expanded to include additional sources. To suggest or share additional sources, please contact
knowledge @cleancookstoves.org.

Peer-Reviewed Literature

Peer-reviewed literature was searched using the following terms and search engines/electronic
databases:

Google Scholar (http://scholar.google.com)
Web of Science (http://apps.webofknowledge.com)
Science Direct (http://www.sciencedirect.com)

Core search terms Additional search terms
stove performance water boiling test WBT
cookstove emissions controlled cooking test CCT
cooking stove biomass kitchen performance test KPT
open fire stove emission factor Efficiency field
improved stove fuel savings Adoption laboratory
usage Uptake

Gray Literature

There is a substantial amount of stove performance data available in reports or other non-peer
reviewed material. There are a variety of sources and no universal or simple method for searching the
body of gray literature. We identified several initial sources (see below) and conducted as many manual
searches for stove performance data as possible. Due to time constraints, we have included only major
reports and data sources for the initial inventory, with the aim of including as much available data as
possible over time.

The initial list of sources for gray literature is provided below:

- Aprovecho Research Center: www.aprovecho.org/lab/index.php

- Asian Development Bank: beta.adb.org/

- Beijing University of Chemical Technology: www.buct.edu.cn/

- Berkeley Air Monitoring Group: www.berkeleyair.com

- Bioenergylist.org: www.bioenergylists.org/stoves

- Center for Research in Energy and Energy Conservation, Makerere University: www.creec.or.ug
- Engines and Energy Conversion Laboratory, Colorado State University: www.eecl.colostate.edu/
- Food and Agricultural Organization: www.fao.org

- GERES Cambodia: www.cambodia.geres.eu/
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- GlZ/Energypedia: www.energypedia.info/index.php/Portal:Improved Cooking
- Global Alliance for Clean Cookstoves: cleancookstoves.org/
- Global Village Energy Partnership (GVEP): www.gvepinternational.org/en

- HEDON: www.hedon.org
- ITT Deli: www.iitd.ac.in/

- Partnership for Clean Indoor Air: www.pciaonline.org/

- Project Gaia: www.projectgaia.com/page.php?page=resources

- Sustainable energy Technology and Research (SeTAR) Centre:
www.uj.ac.za/EN/Faculties/science/departments/geography/research/SeTAR/Pages/home.aspx

- UNDP: www.undp.org/

- UNEP: www.unep.org

- United States Environmental Protection Agency, National Risk Management Research Laboratory:
www.epa.gov/nrmrl/

- USAID: www.usaid.gov/index.html

- World Bank Energy Sector Management Assistance Program: www.esmap.org/esmap/

Proprietary Data

Although the gray literature on cookstove performance is still a rich source of data, it does not provide
comprehensive access, together with the published literature, to the results of stove testing activities.
Whereas in earlier phases of the sector development, implementers were eager to share information on
their programs and lessons learned through publications like Boiling Point, now a significant portion of
information is kept under wraps in order to preserve competitive advantages in growing stove sales and
accessing carbon financing. To access carbon finance, stove disseminators have had to start collecting
guantitative data and conducting at least some stove performance testing. This development in tandem
with a strong focus on developing clean cook stove markets has changed the nature of information
sharing across the sector. This inventory includes only data which is available publicly.

Inventory Structure

The inventory database is organized such that each record, or row of data, represents a unique set of
stove test results. For example, a set of five WBTs conducted under the same conditions on a specific
rocket stove is represented by one row of data in the inventory. The number of replicates associated
with each row of unique test set results (e.g. sample size) is included in the inventory along with the
pertinent contextual information, including, but not limited to:

- Data source (citation)

- Stove as named in source

- Stove classification/characteristics (e.g. plancha, chimney, gasifier, fan, etc.)
- Fuel type used during testing

- Lead testing organization type

- Location (test region and country)

- Test type (lab, field, WBT, CCT, HTP, KPT, etc.)

- Unique test conditions (new/old stove, poorly tended fire, season, etc.)

A list of stove/fuel categories and output metrics is provided below. Note that the stove characteristics
and fuels used are not exclusive, meaning that a stove can, for example, have a rocket-style combustion
chamber and a chimney, as well as other characteristics.
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Stove/fuel categories

Stoves/Fuels

Stove characteristics Fuels

TSF Fixed/Built-in Biochar-producing Wood Gel
U-shaped traditional Plancha Multi-pot Charcoal Kerosene
Traditional metal Sunken pot Ceramic-lined Dung Plant oil
Other traditional Fan Heating Crop residue Ethanol
Simple non-traditional* TEG" Parabolic Briquettes LPG
Rocket Pot skirt Heat-trap box Pellets Biogas
Chimney Pressure Panel Other biomass Methanol
Gasifier Wick Batch-loaded Solar Coal

*Simple non-traditional are defined as stoves which have some type of design intended to increase combustion or
fuel efficiency but do not fit into the other stove classes; for example, stoves constructed with simple, non-rocket
style ceramic or mud combustion chambers.

#. .
Thermoelectric generator

The output metrics, which correspond to each unique data row, are summarized below. Only those
presented directly in the source, or which can be readily and clearly calculated from the presented data,
are included in the inventory.

Inventory Metrics

Output metrics

Fuel use Emissions Time

Thermal efficiency Species: CO,, CO, CH,, NMHC, PM, BC, OC Time per test phase
Specific energy consumption Emissions per MJ delivered Time per task
Specific energy consumption rate Emissions per kg and MJ fuel

Fuel use per capita Emissions per minute

Emissions per task
Modified combustion efficiency
Combustion efficiency

An illustrative example of the physical inventory is presented below. Note this is not the actual
inventory, which has a far more comprehensive set of fields for specifying the exact stove
model/characteristics, test type/conditions, and relevant system information, as well as output metrics
encompassing those outlined in the previous table. The web-based version of the inventory will have
filters and forms for searching and sorting. The entire database will be also be downloadable in text or
comma-separated-variable for importing into statistical or database platforms.

8 | Stove Performance Inventory Report



stove as Mean Cold start Hot start
lead_research source_ named non- Test time to thermal thermal Average
source group_type source_link type in source trad Type boil (min) efficiency efficiency Efficiency
Academy for EduciNGO http://www.usa Report 6 Brick (N1 MWBT:116.5 0.136 0.143 0.144
Academy for EduciNGO http://www.usa Report TSF 0 MWBT:121.5 0.137 0.125 0.139
Academy for EduciNGO http://www.usa Report Traditione O MWBT:122 0.109 0.093 0.120
Academy for EduciNGO http://www.usa Report Trench S0 MWBT:125.5 0.085 0.101 0.120
Academy for EduciNGO http:/ww.usa Report Lorena 2-1 MWBT:142.5 0.088 0.075 0.090
Academy for EduciNGO http://www.usa Report Lorena 2-1 MWBT:154 0.048 0.045 0.065

4) Summary of Inventory Results

Overview

To date, the inventory includes data from over 75 sources, which constitute more than 600 unique test
sets and over 3500 individual test samples, half of which come from sources published within the past
five years. The inventory continues to be updated, so these numbers will grow over time. Figure 1
breaks down the number of unique test sets for major geographies and if the test was a laboratory or
field test’. This high level illustration of the available data shows that laboratory testing in Asia and
USA/Canada provide the bulk of stove performance data in the inventory. The test sets for Asia include
the first large stove performance inventory produced for India and China by (Smith et al., 2000) and
(Zhang et al., 2000), which constitute approximately one third of the test sets for Asia currently in the
inventory. The laboratory data from USA/Canada consist largely of work by Aprovecho Research Center
(MacCarty et al., 2010; Aprovecho Research Center, 2011) and the US EPA (Jetter and Kariher, 2009;
Jetter et al., 2012). Although there is substantially more performance data available from laboratory
testing than field testing, there has been a considerable amount of field data reported from Africa,
which comes from a variety of papers and reports. We also are aware that there is considerable data
that can be added for Africa and Latin America from carbon finance reports and regional laboratories
(see the section on Carbon Finance [pg. 19] for a detailed discussion on this data).

LA laboratory test is defined as any test conducted in a laboratory or controlled environment with a technician or
non-local user operating the stove. Field tests are defined as being in homes or target communities’ facilities (e.g.
community centers) with a local operator using the technology.
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Figure 1. Number of unique test sets for laboratory and field testing across major regions.

Stove type

Figure 2 shows the number of test sets for major stove and fuel type classes. The bulk of testing has
been done on traditional stoves, the results of which are generally used as a baseline for comparative
purposes. Simple non-traditional stoves (e.g. clay pot-style or simple ceramic liners), chimney, rocket,
and charcoal stoves were the next most commonly tested stove/fuel classes. Very little testing data is
available on gasifier or forced draft (i.e. fan) stoves, nor is much performance data available on stoves
that use liquid or gas fuels. The lack of data on these stoves/fuels is partly a reflection of the number of
stoves available for testing, but it also indicates that more performance data is needed on these stoves
and fuels. The gap is especially evident for field studies of these technologies, which are a critical step
towards understanding their potential as viable clean solutions in the household energy sector.

The information on heating stoves comes primarily from a study funded by the Asian Development Bank
and carried out by Crispin Pemberton-Pigott, who did a series of laboratory tests on heating stoves for
potential use in Mongolia (Pemberton-Pigott, 2011). This study presented emission factors across a
variety of conditions using the Heterogeneous Test Protocol (SeTAR, 2012) and included a measure of
thermal efficiency considering energy delivered to the room. There is also limited field performance
information on fuel consumption impacts for heating stoves presented in (Cowlin, Shannon et al., 2005)
and (Khudadad et al., 2012). Given the numbers of people at high altitudes in Asia and Latin America
where heating is critical and constitutes a major household energy demand, the lack of information on
heating stove performance is an important gap in our knowledge base.

10 | Stove Performance Inventory Report



120 -

100 - H Lab
M Field

(oo}
o
1

60 -

40 -

Unique sets of stove/fuel tests

20

Figure 2. Number of test sets for different stove and fuel characteristics.

Energy Ladder

Figure 3 shows the combustion efficiency and particulate emissions across the energy ladder, from what
are considered the least clean energy sources (dung and crop residues) to those considered the cleanest
(gas/liquid fuels). The performance inventory data indicates that dung and crop residues generally
combust inefficiently and have high PM emissions relative to the energy content of the fuel, whereas
liquid and gas fuels burn relatively cleanly with low PM emissions. Charcoal has a different emissions
profile as its combustion efficiency’ is generally low due to high CO emissions, but with relatively low
PM emissions per unit energy of fuel content. Clearly the stove technology and quality/processing of the
fuel also impact the quality of combustion, although for simplicity these factors are not taken into
account for this graph. For example, the Oorja fan stove uses pellets processed from sugar cane
residues and was one of the cleanest burning stoves in both the latest round of EPA laboratory testing
and a field study in India (MCE’s of 97% and 96%, respectively) (Johnson et al., 2011; Jetter et al., 2012).
There has also been recent concern regarding kerosene, which although it can burn relatively
completely in the right technologies, may still produce emissions linked to substantial health impacts
(Pokhrel et al., 2010; Lam et al., 2012). Simple kerosene wick lamps commonly used in developing

? Combustion efficiency is a measure of how completely the carbon in a fuel is converted into carbon dioxide. Here
we use a commonly used proxy, modified combustion efficiency (MCE), which is defined as CO,/[CO,+CO], as an
indicator of combustion efficiency.
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countries are also known to have extremely high PM emissions (Schare and Smith, 1995; Apple et al.,
2010). It should also be noted that biogas and ethanol, which are not represented directly in this figure,
both have combustion efficiencies and particle emissions comparable to LPG (Smith et al., 2000; Zhang
et al., 2000; MacCarty et al., 2010).
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Figure 3. Combustion efficiency and PM emission factors across the energy ladder.

Two other energy sources have not been included in this energy ladder, which are important to note.
First, solar powered cookers, which have zero household emissions, are not included. While solar based
cooking technologies clearly represent clean solutions when feasible, they require relatively unique
consideration as part of household energy systems, since other energy sources are required to
supplement their use at night, on cloudy days, and when not suited for cooking specific food types. To
avoid the implication that coal may be a relatively clean fuel, it has not been included in the energy
ladder above as serious health impacts are associated with high levels of contaminants in coal, such as
arsenic and fluoride (Zhang and Smith, 2007), which are emitted regardless of how completely coal
combusts in a stove.

Test Protocols and Performance Metrics
Protocols

The stove performance test results were categorized by protocol type. These categories include: Water
Boiling Test (WBT), Heterogeneous Testing Protocol (HTP), Controlled Cooking Test (CCT), Kitchen
Performance Test (KPT), and Uncontrolled Field Test (UFT).

The WBT category includes any and all stove tests involving the boiling of water in a laboratory (i.e. WBT
4.1.2, WBT 3.0, Chinese Water Boiling Test, Indian Water Boiling Test, etc.). The specific information
about the specific type of test is also in the inventory, but the larger WBT category is used for broad
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characterization of the test type. Thus, the category of WBT includes various slightly different test
protocols. The variations in the protocols create data comparability issues, but variations between WBT
protocols are likely small compared to large differences that exist in the various, broad test type
categories.

The HTP category involves laboratory testing where stoves are systematically operated across a range of
fuel loadings/powers and pot sizes. It should be noted that the CCT or KPT categorization was applied to
some stove test results where the test protocol matched the general principles of these test types, even
though the source authors did not refer to their protocols as a CCT or KPT. The UFT category includes
any and all types of uncontrolled field testing and includes the Uncontrolled Cooking Test (UCT), for
which performance is measured for single events (meals, boiling water, etc.) and longer tests of daily
operational stove use. Figure 4 shows the distribution of test sets for the different protocol classes. WBT
versions are by far the most commonly used protocols, with field CCTs, KPTs, and UFTs providing the
remainder of the test sets.

5%
5%

12%
B WBT

B HTP

5% CCT

KPT
B UFT

73%

Figure 4. Percentage of test sets by protocol.
Performance Metrics

The use of universal output metrics for stove performance testing results allows comparison of
performance across protocol types within one test type category. Different output metrics from
different WBT protocols can often be inter-converted, and the same goes for the different variations of
the HTP, CCT, KPT, and UFT protocols. Many output metrics, however, are protocol specific and cannot
be compared or translated across the major protocol classes. For example, the primary WBT output
metrics such as thermal efficiency or grams pollutant per MJ-delivered cannot be directly compared to
CCT, KPT, or UFT output metrics. There are still many metrics that can be measured across protocols,
such as combustion efficiency, emission factors and rates, and relative fuel savings (when comparing the
relative stove performance of two or more stoves).

Output metrics from one publication and/or protocol type can often only be translated to another
metric (i.e. a universal metric) if the publication provides enough details on the stove testing
method/protocol. Another challenge in the development of the inventory is that sources are sometimes
unclear about the exact units of their output metrics, which can make the translation difficult. For
example, while grams of pollutant emitted per kilogram of wood combusted (g/kg) is a common and
widely applicable emissions output metric, the data sources do not always specify whether the emission
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factor is gram per kg wet wood, dry wood, or dry wood equivalent, resulting in a significant lack of
clarity and comparability. In general, our knowledge base and capacity to fairly and accurately compare
stove performance data could be aided by more standardized metrics and presentation of those metrics.

Data sources and quality

The type of the lead research group who produced each test set was also tracked in the inventory, which
was defined as affiliation of the lead author, or the group that produced the respective presentation or
report. We classified these groups as universities, NGOs, private consultants or research groups, and
government agencies, which accounted for the following relative contributions to the test sets.

o 55% from universities

e 22% from NGOs

e 12% from consultants or private research groups
e 10% from government agencies

There has not been any assessment of the independence of each research group in the inventory.
Universities can typically be considered independent evaluators, although not always. Also, research on
stove performance is often collaborative, involving many partners. So, identifying exactly who
performed which part of the research can be difficult in many cases.

At this point there has not been formal evaluation or rating of the quality of the data included in the
inventory. The publication source type itself is tracked in the inventory, yielding the following
breakdown of test sets:

o 66% from peer-reviewed literature
o 21% from reports
e 13% from conference proceedings/presentations

The peer-review process ensures some level of rigor in the overall quality of the publication, as peer
reviewers judge the entire article submission against the general norms of scientific rigor, methodology,
and quality for their field of expertise. The peer review process, however, is not standardized and
certainly does not involve the evaluation of the published data against specific, fixed criteria. For
example, the ISO IWA specifies that PM measurements must be performed using the gravimetric
method for comparison against the tiers of performance for PM emissions. Future efforts could focus on
the application of specific methodological criteria for filtering stove performance data within the
inventory.

5) Implications and linkages

Standards and Testing

As a repository for stove performance data, this inventory provides the means for easily comparing and
mapping stove performance against standards or benchmarks. The cookstove sector recently made a
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substantial step towards more formal standards with the recently approved ISO International Workshop
Agreement (http://www.pciaonline.org/files/ISO-IWA-Cookstoves.pdf). The IWA standards provide, for
the first time, an internationally agreed upon framework for comparing stove performance. The
standards are based on “Tiers of Performance”, which provide a map towards increasing performance,
from traditional open fire stoves (Tier 0) to aspirational goals for meeting ambitious health and/or
environmental targets (Tier 4). The IWA only includes emissions and fuel use Tiers of Performance for
the WBT 4.1.2%, although the document also includes recommendations for incorporating data from
other test protocols through a “Rosetta Stone” approach and developing protocols better suited for
different stove types (e.g. batch-fed, solar, plancha, heating), as well as developing approaches informed
by, or inclusive of, field performance. The IWA also recommends that performance tiers related to
durability and climate be developed as protocols and more data become available for these indicators.

The available data for mapping stoves to the IWA Tiers of Performance would be severely limited had
we only included inventory data that strictly adhered to the requirements outlined by the IWA. We
therefore have included data that we determined to be valuable for the purposes of broadly
understanding the range of stove performance with respect to the IWA tiers. Specifically, we have
included all available PM measurements, not just those collected gravimetrically for PM,s*. We have
also included results from different versions of the WBT (e.g. 4.1.2, 3.0), and in many cases the WBT
protocols were slightly modified for various reasons. Therefore, the performance ranges mapped here
should be interpreted as a broad understanding of where the current stove/fuel classes fall within the
Tiers.

Figure 5 and Figure 6 show the emissions performance for major stove/fuel classes against the IWA
Tiers. The data points represent the means with error bars of one standard deviation for technologies
that fit the respective stove/fuel classes. Each point may represent multiple stoves/fuels of that class,
with a caveat that fan/gasifiers were split into “well performing” and “poorly performing” categories as
there was a clear and wide performance difference that resulted into two distinct clusters. The graphs
show a general trend of increasing emissions performance from traditional wood stoves, to simple
traditional and plancha stoves, then rocket stoves, and finally well performing fan/gasifier stoves
approaching the emissions performance of gas/liquid fuelled stoves. Charcoal stoves are characterized
by high CO emissions, which is evident by their poor performance on the CO emission metrics. Only gas
and liquid fuel stoves have performance levels for the highest tier. Aside from charcoal stoves, better
performance against the CO standards is observed than for PM, s, although the overall emissions rating
is determined as the lowest across all PM and CO metrics. This difference implies that the greatest
challenge for achieving the highest levels of performance will be reducing PM emissions, especially to
approach those achieved by liquid and gas fuels.

Also evident in the figures is the large range of emissions performance for many of the stove classes.
This variability is likely due to differences in operation, design differences, and testing conditions. For
example, Jetter (2012) found that a minimally attended three stone fire emitted approximately one
third more CO and almost twice the PM per MJ-delivered compared to a well-tended three stone fire.

* There are also Tiers of Performance in the IWA for safety as measured by the Biomass Stove Safety Protocol
developed at lowa State University -- http://www.pciaonline.org/files/Stove-Testing-Safety-Guidelines.pdf.

* There can be error and bias associated with measurement of PM with non-gravimetric techniques such as light
scattering, as well as with the assumption that PM mass is similar to PM, s.
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The variability in “traditional” stove performance also demonstrates the impracticality of establishing a
universal baseline for comparing stove performance. For example, some “traditional” stoves are high
thermal mass stoves, such as many of the chulhas in India and Nepal, whereas others can be as simple
as a depression in the ground. These design differences have impacts on emissions and fuel
performance, which means that the relevant baseline for comparison will vary by location and
corresponding technologies targeted for replacement.
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Figure 5. High power emissions performance for key stove/fuel classes across the IWA Tiers for the WBT. Error
bars represent + one standard deviation of the available tests sets. Stove/fuel classes with no error bars consist
of two or less data points. Tiers are indicated by blue numbers.
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Figure 6. Indoor emissions performance for key stove/fuel classes across the IWA Tiers for the WBT. Error bars
represent * one standard deviation of the available tests sets. Stove/fuel classes with no error bars consist of
two or less data points. Tiers are indicated by blue numbers.

Figure 7 shows the thermal efficiency performance against the IWA Tiers of Performance. The liquid and
gas fuel stoves again show performance within Tier 4, with the well performing fan/gasifier stoves in
Tier 3 and rocket stoves generally in Tiers 1 and 2. The lowest performing stoves for thermal efficiency
as measured by the “WBT” were plancha and chimney stoves. The results for plancha stoves may be
expected as these stoves are not designed to boil water as their primary task.
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Figure 7. Thermal efficiency performance for key stove/fuel classes across the IWA Tiers for the VITA WBT. Error
bars represent * one standard deviation of the available tests sets. Tiers are indicated by blue numbers.

Overall, the performance data from the inventory, when mapped against the IWA Tiers of Performance
indicates that gas and liquid fuels represent the cleanest current household energy solutions. They also
show that there are biomass-fuelled solutions that can approach the performance of these fuels, which
is critical for areas where LPG, ethanol, electricity, and other clean fuels are currently either not
available or prohibitively expensive.

While this inventory is an important step towards organizing stove performance data such that
comparisons against standards can be readily conducted, there are still challenges in reporting and
interpreting data. Perhaps most important is that the IWA only directly provides Tiers of Performance
for the WBT 4.1.2. There are current efforts to translate equivalent tiers of performance for other
protocols such as those used by the Indian Bureau of Standards, Chinese certification agencies, and with
the University of Johannesburg’s Heterogeneous Test Protocol. As these efforts progress and the
inventory is populated by results from additional protocols, comparisons between stoves will be
facilitated by a harmonized system for reporting common and/or comparable metrics.
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Stove Usage and Durability

The inventory does not include any metrics related to adoption, despite widespread agreement that
adoption is enormously important as a link between technical performance and impacts. How much
and how well a household is able to integrate a new cooking technology/fuel into its daily activities will
determine how close the technology comes to delivering its maximum long-term health, development,
and environmental benefits. There is further consensus that a deficit exists in the literature around how
to define adoption and the related concepts of acceptance, uptake, and usage, and what methods and
metrics to use to measure it. Although studies of adoption factors and approaches are on the rise, the
learnings do not yet provide an agreed upon set of quantitative measures that can be fairly and
systematically integrated into the stove performance inventory. The forthcoming systematic review
funded by DFID and expected to be available later this year is expected to help the sector streamline
how to assess adoption and to inform on how best to summarize this key parameter across stove types
and geographies (Puzzolo et al., 2011).

Stove usage is also closely related to, and in many cases a direct function of, stove durability and
condition. Stove durability is an indicator that the ISO IWA recommended for protocol development
and later inclusion in the standards framework, as a stove’s condition and lifetime clearly impact its
performance and ability to impart benefits. Although durability testing is conducted formally and
informally at various testing laboratories, there are no commonly defined metrics or universally
accepted indicators regarding stove durability and correspondingly very little available data to include in
the inventory. Future efforts to assess stove durability with common protocols and indictors would
provide a means to include durability related metrics in the inventory.

Monitoring and Evaluation

Stove performance testing is a logical precursor to monitoring and evaluation in the results chain.
Almost all of the short and medium-term outcomes of cookstove projects, particularly energy efficiency
and reduced concentrations of smoke in the home, as well as the desired long-term impacts, including
reduced mortality and poverty alleviation, are all tied to the technical capabilities of the stove. It is also
clear that the technical capabilities alone are not enough to deliver benefits. The inventory provides a
tool that allows evaluators to make smart decisions about how to spend limited assessment resources
to document likely impacts. The inventory helps highlight promising technologies that have performed
well enough in lab tests to be categorized into Tiers 3 and 4, but about which there is still very little field
testing or monitoring data. Currently, this is especially true of fan stoves, gasifier stoves, solar stoves,
and liquid or gas fuel stoves. The implication is that if monitoring and evaluation resources were focused
towards these stoves, it could be possible to document some best practices that would help advance the
entire sector. Of course, in some instances there are significant barriers to disseminating these stoves at
scale, which must first be overcome in order for extensive monitoring or evaluation to make sense.

Carbon finance

Household energy relevant data on carbon finance projects is contained in Project Design Documents
(PDDs), which are generally publically available on the United Nation’s Clean Development Mechanism
(CDM) and Gold Standard (GS) websites (http://cdm.unfccc.int/, http://www.cdmgoldstandard.org/).
Stove efficiency data that is collected and reported in PDDs includes in-field fuel use data from Kitchen
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Performance Tests (GS), in-field specific consumption data from Controlled Cooking Tests (CDM),
laboratory thermal efficiency data from Water Boiling Tests (CDM), and survey/questionnaire
information on baseline fuel use (CDM). Very little new stove emissions data is generated from stove
carbon finance projects, as CDM projects require use of the IPCC default fossil fuel emission factors and,
while the GS methodology allows the project to measure and apply emission factors for the project and
traditional stoves, almost all GS projects choose to apply the IPCC default emission factor for the
relevant fuel type. Stove usage information is collected annually or every other year, generally via
surveys, and typically reported as the fraction of project stoves still in use.

At this point stove performance data from carbon finance projects has not been included in this
inventory for a number of reasons. For one, the detailed methods used to collect the stove monitoring
data are not fully required or reported in PDDs. It is often not clear if the fuel use results are per
household or per appliance, and some estimates are adjusted for the sake of conservativeness, which
would cause bias in some of the reported data. Also, it is also sometimes not clear if PDD source
material is meant to be publically available, even if acquired over seemingly public means. As time and
resources allow, however, the clear, high quality stove performance information included in PDDs
should be integrated into this inventory.

Nonetheless, the current inventory still has utility for the carbon finance sector by improving the quality
and accuracy of data that is used to quantify carbon offsets. For example, the inventory can help provide
better default values and appropriate, project-specific fuel use, efficiency, and emissions data. Table 1
summarizes some of the values for key parameters of interest to carbon projects for traditional wood
stoves, the most common baseline scenario for carbon projects. Thermal efficiency of baseline biomass
stoves, for example, has a default of 10% for CDM projects, which is well underestimated compared to
the mean thermal efficiency measured during laboratory studies’. Field-based emission factors for
GHGs and black carbon are presented as these provide a more realistic basis for estimating the key
greenhouse pollutant emissions than laboratory or default estimates.

Table 1. Key carbon finance parameters for traditional wood burning cookstoves.

N
Mean SD (test sets)

Laboratory Thermal Efficiency 17% 6% 52
CO; (g/kg dry wood) 1560 80 5
CH, (g/kg dry wood) 5.0 1.8 5
Black carbon (g/kg wood) 1.0 0.5 5
CO (g/kg fuel dry wood) 78 30 4
TNMHC (g/dry wood) 10 6 9

"TNMHC = Total non-methane hydrocarbons.

Also, the inventory may help project developers estimate expected emission reductions more
accurately, thus increasing their confidence in making investments in the project. The inventory may

> Estimation of thermal efficiency requires careful measurement of energy delivered to a pot or food, which is
impractical to measure during normal daily stove use.
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also help project developers choose appropriate, high-performing stoves and target regions where need
and expected emission reductions are greatest.

Laboratory and Field Performance

There has been much interest in understanding the differences between the laboratory and field
performance of cookstoves. Controlled laboratory testing is critical for testing, designing, and comparing
stoves, but it is not currently recommended for prediction of performance during normal operation in
homes. During normal operation, stove and fuel use practices are generally more variable and less ideal
than in the laboratory, which results in lower performance for many stove/fuel types. The reasons for
performance differences likely stem from differences in fuel conditions and cooking/fire tending
practices. For example, fuelwood used in homes is often more irregular, larger, and higher in moisture
content than that used for laboratory tests. Pots used in for cooking in homes vary in size, shape, and
material, and cooking demands encompass more than tasks based on boiling water. Stoves are also
often left unattended while users conduct other tasks, which can result in suboptimal combustion
conditions and long smoldering periods.

Figure 8 shows an example of laboratory-to-field performance differences for traditional and rocket-
style stoves, which were the only stoves classes with enough data to make reasonably sound
comparisons. The figure shows that for both stove types the quality of combustion is lower during
normal use compared to laboratory testing, with lower combustion efficiency and higher PM emissions
per unit fuel consumed. Relative fuel efficiency appears to be more robust for rocket stoves, with similar
savings of approximately 50% and 40% in the laboratory and field®, respectively. Although the quality of
combustion appears to not be improved in the field for rocket stoves based on current inventory data,
overall PM and CO emissions reductions are likely to be achieved through fuel savings. Despite the
limited data for other stove types, the current data show that the pattern of laboratory-to-field
performance differences can vary for other stove types. Plancha style stoves, for example, are not
designed primarily to boil water, and the opposite trend has been observed, with better emissions and
fuel performance in homes than during controlled testing (Berrueta et al., 2008; Johnson et al., 2008).
Performance for stoves that use clean fuels such as LPG or ethanol may be expected to be more robust
across laboratory and field conditions, as there are fewer parameters that can impact their
performance, although there are still likely to be performance differences. At the other extreme, there
may be stoves that can operate extremely cleanly and efficiently under optimal conditions, yet be
sensitive to small changes in fuel or operational conditions that cause the stove to be highly polluting
and inefficient.

® Relative fuel savings for the rocket stoves were estimated from laboratory tests based on the amount of fuel
required to complete the test (generally WBTs) in comparison to the relevant baseline technology (typically three
stone fires), and in-field results are based on the difference in specific consumption (MJ fuel/kg food cooked) from
CCTs.
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Figure 8. Comparison between laboratory and field performance for traditional and rocket wood-burning
cookstoves. Error bars represent + one standard deviation of the test sets.

Given that reducing emissions and fuel use in homes is the goal, it is important to understand these
differences so that stove/fuel technologies are as clean, efficient, and effective as possible for the end
users. The handful of studies that have looked at these differences have generally recommended the
development of protocols or approaches that better simulate actual user conditions. For example, a
recent study by Chen et al. (2012) found that laboratory tests fail to simulate low combustion efficiency
events that drive peak particle emissions (Chen et al., 2012). Johnson et al. 2010 also found that the
cooking cycles in homes produced patterns of combustion efficiencies and emission rates substantially
different from those in laboratory tests.

There have also been several investigations that have sought to characterize impacts on stove
performance as a function of various parameters. For example, Coughlin et al. 2008 found that meal
size was a key determinant for fuel efficiency of charcoal stoves (Coughlin, 2008). Several studies have
looked at the impact of fuel moisture content on fuel consumption and emissions performance
(Bhattacharya et al., 2002; Yuntenwi et al., 2008; L'Orange et al., 2011; Jetter et al., 2012), and L’Orange
et al. 2011 and Bhattacharya at al. (2002) quantified the impact of several other test parameters on
output metrics. The overall message from these studies and those that have systematically
characterized factors impacting stove performance is that there is a need for additional and/or refined
protocols and/or approaches that can better predict how stoves will perform in homes, which was also a
key recommendation in the IWA on Clean and Efficient Cookstoves.
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6) Conclusions and Recommendations

Technologies

The inventory shows that liquid and gas fuels along with biomass fan and gasifier stoves have the
greatest potential for achieving aspirational health and environmental benefits but are the least tested
types of technologies.

e Expand testing of ultra-clean technologies: fan stoves, gasifiers, and liquid fuel stoves across
key geographies.

Testing Types and Protocols

The bulk of the inventory data was generated using controlled laboratory testing, which is critical for
designing high quality appliances and comparing performance across multiple devices.

e Increase priority of uncontrolled field testing in order to understand and achieve
aspirational health and environmental benefits in the real world.

e Promote protocol development efforts that aim to better reflect the span of operational
conditions during normal daily stove use.

Almost all of the laboratory testing was done using a water boiling based test, which is not a meaningful
assessment tool for stoves that are designed to perform other kinds of cooking tasks, such as making
tortillas or chapatis.

e Invest in protocol development for key categories of stoves that are not well served by the
water boiling test, including batch-fed stoves, planchas, heating stoves, and others.

Multiple variations of the water boiling test are in use around the world.

e Studies are needed to harmonize these methods and the resulting metrics using the
“Rosetta Stone” approach outlined in the IWA on Clean and Efficient Cookstoves.

The specific methods and quality of techniques to measure performance indicators across the various
protocols are highly variable and often unclear or not fully presented, nor is there a clear and agreed
upon framework for determining what constitutes the quality of the measurement techniques.

e Providing structured guidance on the application and reporting of measurement techniques
as part of the protocols (e.g. gravimetric assessment of particulate matter and calibration of
equipment) would aid in increasing the quality of data and comparability across reported
results.

Protocols for including more performance metrics are needed for more comprehensive stove
assessment.

e Asresolved in the ISO IWA, test protocols that include assessments of climate relevant
emissions and durability are needed, as these are critical for evaluating stoves across a
wider range of impacts.
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Inventory Next Steps

This initial version of the inventory represents the nucleus of a tool that can serve the sector for the
duration of the clean cookstove global scale-up.

Create an integrated and sustainable system for regularly consolidating and updating data,
including regular review of entries.

Expand the Data and Statistics section of the Alliance’s website to include an online version
of the inventory that can be queried and filtered.

Expand the inventory to include additional sources including non-English language papers
and reports and studies of indoor air pollution, personal exposure, or health studies.

Coordinate pro-actively with known efforts underway in order to understand if and how to

add them to the inventory. These efforts include, but are certainly not limited to:

(1) EPA Transect study — measurement of climate-relevant emissions from in-use operation
of stoves.

(2) World Bank Biomass Energy Initiative for Africa (BEIA) — measurement of stove usage,
fuel consumption, and indoor air pollution concentrations underway in Uganda, South
Africa, and the Gambia.

(3) Current round of EPA laboratory testing by Jim Jetter.

(4) Current EPA project for capacity building and data collection of stove performance in
the field, which will include data from CCTs, KPTs, and in-home emissions.

(5) Integrating data from filling out the IWA “Rosetta stone”. Efforts are underway in India,
China, and South Africa to adapt the stove performance data from their standard.
laboratory tests to align with the performance metrics of the ISO IWA Tiers of
Performance

(6) The usage/uptake review funded by DFID (Puzzolo et al., 2011).

(7) Millennium Challenge Corporation project in Mongolia. This project will provide field
performance of heating and cooking stoves.

(8) Regional stove testing facilities such as CREEC, GERES, and Zamorano University have
performance data to contribute.

(9) Field performance data from Nathan Johnson’s work in Mali, which includes recently
published articles in Energy (Johnson and Bryden, 2012).

Leverage the Alliance’s position as a neutral conduit to compile and/or anonymize data from
proprietary sources, including carbon finance PDDs and market studies, so that it can be
included in the inventory.

Update core set of summary statistics annually, including ranges of default values for
standard stove/fuel combinations by region for key metrics.

Complementary Focus on Adoption

While this data on the performance of technologies and fuels is critically important to the sector’s
progress, an equally important parallel relates to understanding user behaviours and stove adoption,
which will be critical for achieving the maximum benefits from clean technologies in the real world.
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e Build on upcoming systematic review of adoption parameters and commission research to
fill identified gaps, including a more nuanced understanding of kitchen management and
“stove stacking” across key geographies.

e Provide the sector with common definitions, methods, and metrics for adoption, usage,
acceptance, and uptake.

e Set benchmarks and highlight best practice for implementers to ensure successful adoption
and appropriate usage.
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Abbreviations

BC
CCT
CH4
co
CO2
EC

GACC
GHG
GWP
HTP
IWA
kg
KPT
MCE
MmJ
MJ-del

NCE

ocC

PM

SA
TNMHC
UcTt
UFT
WBT

black carbon

controlled cooking test

methane

carbon monoxide

carbon dioxide

elemental carbon

gram

Global Alliance For Clean Cookstoves
greenhouse gas

global warming potential
Heterogeneous Test Protocol
International Workshop Agreement on Cookstove Standards
kilogram

Kitchen Performance Test
modified combustion efficiency
megajoule

megajoule delivered

sample size

nominal combustion efficiency
organic carbon

particulate matter

standard adult

total non-methane hydrocarbons
uncontrolled cooking test
uncontrolled field test

water boiling test
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