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To assess the effects of stove design and fuel type on efficiency and emissions, five configurations of natural-draft,
top-lit up-draft (TLUD) semi-gasifier cookstoves were tested with two biomass fuels. An energy balance model
was developed using measured temperature data to identify the major sources of efficiency loss. Emissions
and efficiency varied substantially with stove design and fuel type, and transient increases in CO emission corre-
lated with refueling. The highest measured thermal efficiency was 42%. The lowest CO and PM emissions were
0.6 g MJd−1 and 48 gMJd−1. These results fall within Tier 3 for high-power efficiency and emissions and suggest
that development of a Tier 4 natural-draft semi-gasifier cookstove is possible. The energy balance illustrates that
up to 60% of the energy input as fuel can remain as char once the fuel has gasified. This result suggests that both
thermal and overall efficiencies should be calculated when evaluating TLUD cookstoves.

© 2014 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
Introduction

It is estimated that forty percent of the global population relies on
combustion of solid biomass fuel to fulfill some or all of their household
energy needs (Bonjour et al., 2013). Themajority of this population uses
biomass cookstoves that are characterized by incomplete combustion.
Public health researchers have linked exposure to the carbonmonoxide
(CO) and particulate matter (PM) emissions from incomplete combus-
tion of solid biomass to numerous health effects such as acute lower re-
spiratory infections and chronic obstructive pulmonary disease (Bruce
et al., 2006). Some have suggested that a transition to affordable liquid
or gaseous cooking fuels would be necessary to completely eliminate
these health impacts (Goldemberg et al., 2004). However, even if a
transition to liquid or gaseous fuels is ultimately necessary, such a
transition would take many years to accomplish given the size and
geographic distribution of the affected population. Consequently, a
substantial fraction of the global population is expected to continue
cooking with solid biomass fuel for the foreseeable future (Rehfuess
et al., 2006).

In recent years, designers of household cookstoves have focused
on improving efficiency and reducing emissions to mitigate health
impacts associated with the use of solid biomass fuel. Rocket elbow
cookstoves have been shown to reduce emissions by up to 60% com-
pared to a three-stone fire (Jetter and Kariher, 2009). However, ongoing
e).
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public health research is expected to reveal that greater emission reduc-
tions are needed to substantially reduce health risks (Smith and Peel,
2010).

Semi-gasifier cookstoves have been shown to be the lowest-emitting
type of solid biomass cookstove based on emissionmeasurements taken
in the laboratory (Jetter and Kariher, 2009; Jetter et al., 2012). Most
of the semi-gasifier cookstoves that have been developed utilize the
top-lit up-draft (TLUD) design (Anderson and Reed, 2007). In the
TLUD design, solid fuel is batch fed into the combustion chamber and
ignited from the top as shown in Fig. 1. Consumption of the fuel pro-
ceeds downward (Reed and Larson, 1996). A primary air source that
enters at the bottom of the fuel bed results in partial oxidization of the
fuel into CO, H2, hydrocarbons, CO2 and H2O in the primary combustion
zone. The hot char bed above the primary combustion zone reduces
some of the CO2 and H2O produced in the primary combustion zone
back to CO and H2 (Quaak et al., 1999). A secondary air source, which
is preheated by the walls of the combustion chamber, is then mixed
with the combustible gases exiting the char zone to form the secondary
combustion zone (Reed and Larson, 1996). Burning the combustible
gases in a location that is separate from the solid fuel bed enables better
mixing of the gases with air and, consequently, more complete combus-
tion (Anderson and Reed, 2007). Primary and secondary airflow can be
driven externally (e.g. by a fan or blower) or buoyantly via natural con-
vection. A stove in which airflow is driven externally is referred to as a
“forced‐air” cookstove and a stove in which airflow is driven buoyantly
is referred to as a “natural-draft” cookstove.

Forced-air semi-gasifier cookstoves have been shown to reduce CO
and PM emissions by 90% relative to a three-stone fire in laboratory
.
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Fig. 1. Schematic of top-lit up-draft (TLUD) semi-gasifier cookstove operation.
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studies (Jetter and Kariher, 2009; Jetter et al., 2012; MacCarty et al.,
2010). However, the performance of semi-gasifier cookstoves has
been shown to be highly variable (Jetter et al., 2012). In addition, previ-
ous work has suggested that natural-draft semi-gasifier cookstoves
typically do not perform as well as forced-air semi-gasifier cookstoves
(Kar et al., 2012; MacCarty et al., 2010). The objective of this study
was to identify some of the underlying causes behind this observed
variability. To accomplish this objective, five different configurations
of natural-draft TLUD semi-gasifier household cookstoves were tested
using two different fuels to determine how changes in stove design,
fuel type, and operating procedure affected performance in terms of
efficiency, carbon monoxide (CO) emissions, and particulate matter
(PM10) emissions. It was hypothesized that, although all of the cook-
stove configurations tested were natural-draft TLUD semi-gasifier
designs that operated using the process illustrated in Fig. 1, relatively
small differences in stove design would affect performance substantial-
ly. It was also hypothesized that, although semi-gasifier cookstoves
have been promoted as being capable of utilizing a wide variety of
fuels (Anderson and Reed, 2007), stove performance would also vary
substantially with fuel type (e.g. agricultural residue versus prepared
pellet fuel, as discussed by Mukunda et al. (2010)).

Methods

The matrix of cookstoves and fuel types tested, the protocol used to
complete the tests, the methods used to measure carbon monoxide
emissions, particulate matter emissions, fuel use, and stove tempera-
tures, as well as the equations used to calculate efficiency, are described
below. An energy balance model, which was developed using the tem-
perature data to determine the sources of energy loss that contribute
to sub-unity efficiency, is also presented below.

Test matrix

Five configurations of natural-draft TLUD semi-gasifier cookstoves
were tested (see Fig. 2). The first three configurations were based on a
natural-draft semi-gasifier cookstove manufactured by the Shanxi
Jinqilin Energy Technology Co. Ltd. (Shanxi, China). The first configura-
tionwas this stove in its original form as received from themanufacturer
(“Stove 1”). The stovewas large andequippedwith a chimney. The stove
body was 64 cm in height, weighed 37 kg, andwas constructed primar-
ily from steel sheet metal of various thicknesses. A refractory material
lined the inside of the combustion chamber and the area under the
pot. The second configuration (“Stove 2”) was a modified version of
Stove 1, in which a cylindrical sheet metal duct was added above the
secondary combustion zone to direct the flow of hot gases closer to
the bottom of the pot. The third configuration (“Stove 3”) was a modi-
fied version of Stove 2, in which a pot skirt was added and the chimney
inlet was moved from the area under the pot to the side of the pot skirt
to force the hot gases to flow around the sides of the pot. These two
modified configurations were created to further investigate stove per-
formance for the purposes of the study.

The fourth stove was the Philips HD4008. The Philips stove was
smaller and had no chimney. This stove was 30 cm in height, weighed
3.6 kg, and was constructed of various steel alloys. The fifth stove was
of the open-source Peko Pe design (Wendelbo, 2012). The Peko Pe
stove was also a small stove without a chimney. This stove was approx-
imately 25 cm in height, weighed 2.7 kg, and was constructed using 23
gauge stainless steel sheet metal. For simplicity, the design configura-
tionswill be referred to as Stove 1, Stove 2, Stove 3, Stove 4, and Stove 5.

The combustion chamber in each stove was cylindrical with
openings at the base where primary air entered the fuel bed and
openings at the top where secondary air mixed with the gases leaving
the fuel bed. The fuel bed filled the combustion chamber up to the
height of the secondary air inlet and the flame that heated the cooking
pot was formed at the top. In most of the configurations, the secondary
air entered through a ring of small holes around the circumference of
the top of the combustion chamber. More information on combustion
chamber geometry can be found in Section S1.1 of the Supplemental
information.

The stoves were tested with two different fuel types: corn (Zea
mays) cobs obtained from a local farm inWindsor, CO andwood pellets
made from Lodgepole pine (Pinus contorta) by the Rocky Mountain
Pellet Company (Walden, CO, USA). Corn cobs were the manufacturer-
specified fuel for Stove 1. Corn cobs were collected manually off of the
field after the corn had been harvested with a combine. The corn cobs
were brought back to the laboratory and left to air dry for one week.
Wood pellets were purchased from a local retailer in Fort Collins, CO
that sells supplies for pellet stoves. The wood pellets were packaged in
plastic bags and each bag of pellets weighed 18 kg.

The properties of the two fuel types are shown in Table 1. Properties
with a note were obtained from the literature and properties without a
note were measured. The lower heating value (LHV) of each fuel was
determined by first measuring the higher heating value (HHV) using
an IKA C200 Calorimeter System (IKA, Staufen, Germany). The LHV
was then calculated using an estimated chemical composition for each



Fig. 2.Renderings of the five stoves tested. Stove 1 (Jinqilin natural-draft)was 64 cm in height, weighed 37 kg andwas equippedwith a chimney. Stoves 2 and 3weremodified versions of
Stove 1. Stove 4 (Philips HD4008) was 30 cm in height and weighed 3.6 kg. Stove 5 (Peko Pe) was 25 cm in height and weighed 2.7 kg. Stoves 4 and 5 were not equippedwith chimneys.
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fuel obtained from the literature. The HHV of the char produced by each
fuel type was also measured. The HHV of the char was used in place of
the LHV of the char in all calculations because the chemical composition
of the char was unknown.

Table 2 contains a list of all the design configuration/fuel type com-
binations tested. The number of replicates completed for each test is
also shown. All tests were conducted by the first author.
Test protocol

The Emissions and Performance Test Protocol (EPTP), which is a
modified version of thewater boiling test (WBT), was used in all exper-
iments (DeFoort et al., 2010). TheWBT (TheWater Boiling Test: Version
4.2.3, 2014) is themost common test used to evaluate cookstove perfor-
mance in the laboratory (Chiang and Farr, 2014) and has been used in
many studies on cookstove performance (Carter et al., 2014; Jetter and
Kariher, 2009; Jetter et al., 2012; MacCarty et al., 2010). The EPTP was
created to reduce variability between test replicates without altering
the general results of the WBT (L'Orange et al., 2012). In the present
study, only the cold start phase of the EPTP, in which 5 L of water is
brought from 15 °C to 90 °C with the stove body starting out at room
temperature, was employed. All tests were conducted in Fort Collins,
CO, at an elevation of 1519 m, where water boils at 95 °C.

The corn cobs had a low bulk energy density compared to the wood
pellets. This difference necessitated changes in operating procedure be-
tween tests. When the wood pellets were used, the fuel chamber of the
cookstove was filled with enough wood pellets to complete the cold
start test. When the corn cob fuel was used, the fuel chamber was filled
completely with corn cobs. If the entire fuel bed was consumed prior to
the completion of the cold start test, the stove was refueled by adding a
new bed of corn cobs on top of the hot char bed while the stove was in
operation. The operating procedure was varied between tests in this
manner because a real-world user would be expected to refuel the
stove to complete the cooking task that had been started. Indeed,
Stove 1 had been designed by the manufacturer with a mechanism to
enable refueling without removal of the pot.
Table 1
Properties of the corn cob and wood pellet fuels.

Fuel type Bulk
density
(kg m−3)

Density
(kg m−3)

LHVdaf

(J g−1)
Moisture content
(mass fraction)

Ash content
(mass fraction)

Corn cobs 195a 340b 18,119 8.1% ± 0.1% b2%
Wood pellets 696c 1260 ± 55 19,560 5.5% ± 0.6% b1%

a Coovattanachai (1989).
b Lin et al. (1995).
c Rocky Mountain Pellet Company, Inc. (2012).
Testing equipment

Tests were conducted in a fume hood with a 1.2 m × 1.2 m cross-
section and a height of 4.3 m. The air flow rate through the hood was
0.1 m3 s−1. The cross sectional area of the hood and the air flow rate
were designed such that they do not affect the airflow through the
stove (L'Orange et al., 2012). High efficiency particle air (HEPA) filters
installed on the air inlet locations at the base of the hood prevented par-
ticulatematter in the ambient air from entering the hood. Exhaust gases
were transported from the top of the hood to emission analyzers by a
12.7 cm diameter pipe.

Total mass emissions of particulate matter with an aerodynamic
diameter of less than 10 μm (PM10) were measured gravimetrically as
described by L'Orange et al. (2012)Together, the coarse (PM10–PM2.5)
and fine (bPM2.5) PM fractions were collected on Teflon filters that
were pre- and post-weighed on a Mettler Toledo MX5 microbalance
(Mettler-Toledo, LLC, Columbus, OH, USA). The limit of detection
(LOD) and limit of quantification (LOQ) for these measurements were
16 μg and 55 μg. All PM10 mass emission measurements were found to
be above the LOQ with the exception of one measurement of 53 μg.

CO emissions were measured at 1 Hz with Testo 335 and Testo 350
flue gas analyzers (Testo, Sparta, NJ, USA). These analyzers used electro-
chemical sensors to measure the mole fraction of CO in the fume hood
exhaust gas. This real-time measurement of emissions allowed the ef-
fects of changes in operating procedure on emissions to be observed.
The steps that were taken to ensure that the Testo gas analyzers were
measuring CO emissions accurately are described in Section S1.2 of
the Supplemental Information.

Real-time temperature data were acquired at 1 Hz from 17 to
24 type K thermocouples (Omega Engineering, Stamford, CT, USA)
installed on each stove. Gas temperature measurements included inlet
air temperature, preheated secondary air temperature, and exhaust
gas temperature. Temperatures were also recorded at various locations
in the fuel chamber and on the outside of the stove body. An additional
type K thermocouple submerged in the pot of water measured the
water temperature at 0.6875 Hz. A program, created in LabVIEW™,
monitored the water temperature, controlled the airflow rate through
Table 2
Table of tests conducted.

Configuration Fuel type No. of replicates

Stove 1 (Jinqilin natural-draft) Corn cobs 4
Stove 1 (Jinqilin natural-draft) Wood pellets 3
Stove 2 Corn cobs 2
Stove 2 Wood pellets 3
Stove 3 Corn cobs 3
Stove 3 Wood pellets 3
Stove 4 (Philips HD4008) Corn cobs 3
Stove 4 (Philips HD4008) Wood pellets 3
Stove 5 (Peko Pe) Corn cobs 3
Stove 5 (Peko Pe) Wood pellets 3
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the fume hood, and recorded the starting and ending time for each test.
More information on the instrumentation used for data collection can
be found in Section S1.2 of the Supplemental Information.

Efficiency calculations

In addition to the emissions and temperature measurements de-
scribed above, fuel consumption measurements were made for each of
the configuration/fuel type combinations in Table 2. The equations
that were used to calculate efficiency based on these measurements
are described below.

The thermal efficiency of each stove is defined as the ratio of the
energy transferred to the water to the difference between the energy
available in the fuel and the energy contained in the char remaining
at the end of the test. Thermal efficiency is calculated using Eq. (1)
(DeFoort et al., 2010):

η ¼ cp;H2OmH2OΔTH2O þ hv;H2OmH2Oevap

mf 1−MC f

� �
LHVf ;dry−mfMCf cp;H2OΔTH2O; f þ hv;H2O

� �
−LHVcmc

ð1Þ

where cp,H2O is the specific heat of water (J g−1 K−1),mH2O is themass of
water boiled (g),ΔTH2O is the change in thewater temperature between
the beginning and end of the test (K), hv,H2O is the heat of vaporization
of water (J g−1), mH2Oevap is the mass of water evaporated out of the
pot during the test (g), mf is the mass of wet fuel consumed (g),MCf is
the moisture content of the fuel (as a mass fraction on a wet basis),
LHVf,dry is the lower heating value of the fuel on a dry basis (J g−1),
ΔTH2O,f is the temperature change that the water in the fuel had to
undergo before it was evaporated (assumed to be 75 K), LHVc is the
lower heating value of the charcoal produced from the fuel (J g−1),
and mc is the mass of the ash and charcoal remaining at the end of the
test (g).

The overall efficiency of each stove is defined herein as the ratio of the
energy transferred to the water to the energy available in the dry mass
of fuel consumed (Eq. (2)).

ηOA ¼ cp;H2OmH2OΔTH2O þ hv;H2OmH2Oevap

mf 1−MCf

� �
LHVf ;dry−mfMCf cp;H2OΔTH2O; f þ hv;H2O

� � ð2Þ

In this formulation, the energy remaining in the charcoal left at the
end of the test represents an energy loss. Although the chemical energy
contained in this char is still available for subsequent use, it should not
be assumed that it will be converted into thermal energy (Kar et al.,
2012). It should be noted, however, that most studies on stove perfor-
mance do account for the energy remaining in the char and report the
thermal efficiency shown in Eq. (1) (Jetter and Kariher, 2009; Jetter
et al., 2012; MacCarty et al., 2010).

Energy balance model

To determine the major sources of efficiency loss and to inform fu-
ture design efforts, all of the energy sources, sinks, and components of
energy transfer present during stove operation were accounted for in
a thermodynamic energy balance model. The sources of energy include
the energy in the fuel and the energy in the inlet air. The energy
contained in the char remaining at the end of the test was counted as
an energy sink. The energy transfer components included the energy
transferred to the water, the energy transferred to (and stored in) the
stove body, the energy lost through convection and radiation heat trans-
fer from the outside of the stove body to the surroundings, and the
energy lost through the exhaust gases.
The portion of the energy contained in the fuel that could have been
used to heat the cooking surface was calculated using Eq. (3):

Ef ¼ mf 1−MC f

� �
LHVf ;dry−mfMCf cp;H2OΔTH2O; f þ hv;H2O

� �
ð3Þ

wheremf is the mass of fuel consumed (g),MCf is the moisture content
of the fuel (as a mass fraction on a wet basis), LHVf,dry is the lower
heating value of the dry fuel (J g−1), ΔTH2O,f is the temperature change
that the water in the fuel had to undergo before it was evaporated
(assumed to be 75 K), and hv,H2O is the heat of vaporization of water
(J g−1). The second term on the right hand side of Eq. (3) represents
energy contained in the fuel that had to be used to evaporate the
water stored in the fuel.

The energy transferred to the water was calculated using Eq. (4):

EH2O ¼ mH2Ocp;H2O Tf−Ti

� �
þ hv;H2OmH2Oevap ð4Þ

where EH2O is the energy transferred to thewater (J),mH2O is themass of
water (kg), cp,H2O is the specific heat of the water (J kg−1 K−1), Tf is
the final temperature of the water (90 °C), Ti is the initial temperature
of the water (13 °C to 17 °C), hv,H2O is the heat of vaporization of
water (2260 J g−1), and mH2Oevap is the mass of water evaporated out
of the pot during the test (g).

The energy contained in the char remaining at the end of the test
was calculated using Eq. (5):

Ec ¼ mcHHVc ð5Þ

where Ec is the energy contained in the char (J), mc is the mass of char
(g), and HHVc is the higher heating value of the char (J g−1).

For Stoves 4 and 5, the energy added to the stove body was calcu-
lated by multiplying the mass of the stove by the specific heat of the
metallic stove body and the change in temperature of the stove body
between the beginning and end of the test (Eq. (6)).

Estove ¼ mstoveC Tf−Ti

� �
ð6Þ

where Estove is the energy stored in the stove body (J),mstove is the mass
of the stove (kg), C is the specific heat of the material the stove is con-
structed from (J kg−1 K−1), Tf is the final temperature of the stove
body (K), and Ti is the initial temperature of the stove body (K). The
specific alloys from which Stoves 4 and 5 were constructed were un-
known and properties of plain carbon steel and AISI 304 stainless
steel were assumed for these calculations.

Calculating the quantity of the energy stored in the bodies of
Stoves 1, 2, and 3 was more complicated because, although these
stoves were constructed primarily of steel, the stove bodies also
contained a large mass of dense refractory material. The refractory
material was expected to be at a higher temperature than the steel
frame because the refractory material was directly exposed to the
hot gases that passed under the pot. The large mass and low thermal
conductivity of the refractory material (in comparison to the steel) re-
quired the development of an additional heat transfer model to deter-
mine the quantity of thermal energy stored in the refractory material.
More information on this heat transfer model can be found in the
Section S2 of the Supplemental Information.

The energy stored in the steel frame was calculated by multiplying
the mass of the frame by the specific heat of the frame and the change
in temperature between the beginning and end of the test:

Eframe ¼ msteelCsteel Tf−Ti

� �
ð7Þ

where Eframe is the energy stored in the steel frame (J),msteel is the mass
of the steel frame (25 kg), Csteel is the specific heat of the specific heat of
plain carbon steel (434 J kg−1 K−1) (Incropera et al., 2007), Tf is the
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temperature of the steel frame at the end of the test (K), and Ti is the
temperature of the steel frame at the beginning of the test (K). At each
time step the entire steel frame was assumed to be at the average tem-
perature measured by the four thermocouples installed on the outside
walls of the stove.

For Stoves 1, 2, and 3, the total energy stored in the stove body was
calculated by adding the amount of energy stored in the steel frame to
the amount of energy stored in the block of refractory material:

Estove body ¼ Eframe þ Eblock: ð8Þ

The heat lost through convection from the stove bodywas calculated
using Eq. (9):

Econv ¼
Z t f

0
h tð ÞA T tð Þ−T∞½ �dt ð9Þ

where Econv is the energy lost through convection (J), h is the convection
coefficient (Wm−2 K−1), A is the surface area of the sides of the stove
(m2), T is the temperature of the stove body (K), T∞ is the temperature
of the surroundings (K), and tf is the length of the test (s).

Eq. (9) was integrated numerically using the outside stove body
temperature that was recorded every second during the test as T(t).
The Rayleigh number, Nusselt number, and the convection coefficient
were recalculated at every time step. The average of the primary and
secondary air inlet temperatures at time 0 was taken as the ambient
air temperature.

The outer surfaces of Stoves 1, 2, and 3 were modeled as 4 vertical
plates. The outer surfaces of Stoves 4 and 5 were modeled as single ver-
tical plateswith surface areas equal to the surface areas of the cylindrical
outer walls. The outside walls were assumed to be isothermal at each
time step. The convection coefficient was calculated using the Nusselt
number correlation for natural convection over a vertical flat plate
shown in Eq. (10) (Churchill and Chu, 1975).

NuL ¼ 0:68þ 0:670RaL
1=4

1þ 0:492=Prð Þ9=16� �4=9 ; RaL≤109 ð10Þ

where NuL is the average Nusselt number over the length of the plate,
RaL is the Rayleigh number, and Pr is the Prandtl number (0.7 for air).

The convection coefficient was calculated from the Nusselt number
as shown in Eq. (11) (Incropera et al., 2007):

hL ¼
NuL k

L
ð11Þ

where k is the thermal conductivity of the air (Wm−1 K−1).
The radiation heat loss from the stove body was calculated using

Eq. (12):

Erad ¼
Z t f

0
ϵσA T tð Þ4−T∞

4
h i

dt ð12Þ

where Erad is the energy lost through radiation (J), ϵ is the emissivity
of the stove, σ is the Stefan–Boltzmann constant (W m−2 K−4), A
is the surface area of the stove (m2), T(t) is the temperature of the
stove body (K), and T∞ is the temperature of the surroundings (K).
Eq. (12) was integrated numerically using the same temperatures
used in Eq. (9).

The amount of energy transferred to thewater, contained in the char
at the end of the test, stored in the stove body, and lost through radia-
tion and convection from the outside walls of the stove was subtracted
from the total energy contained in the fuel input at the beginning of the
test. The difference was taken to be the amount of energy lost through
the exhaust from the stove.
Results and discussion

The high power carbonmonoxide emissions, high power particulate
matter emissions, and thermal efficiencies measured during the exper-
iments, as well as the results of the energy balance calculations, are
presented below. First, the differences between the results for each
design configuration/fuel type combination are presented. Second, the
results are compared to the tier ratings for biomass cookstove perfor-
mance established at the ISO International Workshop on Clean and
Efficient Cookstoves. Third, the real-time carbon monoxide emission
measurements are used to identify large, transient increases in emis-
sions associated with refueling of semi-gasifier cookstoves. Fourth,
some further discussion on the emissions results is provided. Fifth, the
results of the energy balance model are presented.

Influence of design configuration and fuel type on emissions and efficiency

As shown in Fig. 3, the high-power CO and PM10 emissions from
all five configurations varied substantially with fuel type. In general,
the measured emissions were lower when wood pellets were used as
fuel instead of corn cobs. For example, when Stove 1 was fueled with
wood pellets instead of corn cobs, CO emissions decreased by a factor
of 47 and PM10 emissions decreased by a factor of 6. Similarly, when
Stove 4 stove was fueled with wood pellets instead of corn cobs, CO
emissions decreased by a factor of 2. When Stove 5 was fueled with
wood pellets instead of corn cobs, CO emissions decreased by a factor
of 11 and PM10 emissions decreased by a factor of 3.

Although the design changes made to Stove 1 resulted in reduced
emissions, Stoves 1, 2, and 3 generally producedmuch higher emissions
than both Stoves 4 and 5. Stove 5 exhibited the lowest emissions overall.
As shown in Fig. 4, Stoves 4 and 5were alsomore efficient than Stoves 1,
2, and 3.

Unlike emissions, thermal efficiency was not affected by fuel type
(Fig. 4). The average thermal efficiencies for Stove 1 fueled with corn
cobs and Stove 1 fueled with wood pellets were 8.3% and 9.0%, respec-
tively. The average thermal efficiencies for Stove 2 fueled with corn
cobs and Stove 2 fueled with wood pellets were 12.3% and 12.2%. Simi-
larly, the average thermal efficiencies for Stove 3 fueled with corn cobs
and Stove 3 fueledwithwoodpelletswere 20.1% and 19.9%. The thermal
efficiency of a given design configuration is expected to depend primar-
ily upon stove geometry.

Comparison to tiers for cookstove performance

In Figs. 3 and 4, the performance of each stove has been compared
to the tier ratings for high-power CO emissions, high-power PM emis-
sions, and high-power efficiency established at the ISO International
Workshop on Clean and Efficient Cookstoves. For each parameter,
5 levels of performance ranging from Tier 0 to Tier 4 are included (ISO
International Workshop on Clean and Efficient Cookstoves, 2012). Tier
0 represents a stove that is comparable to or worse than a three stone
fire or traditional stove. Tier 4 represents a highly performing stove
that would be expected to decrease health risks substantially if it were
to completely replace the traditional stove. Tiers 1 through 3 represent
various levels of improved stoves.

In terms of these tier ratings, Stoves 1, 2, and 3 had themost variable
performance, which ranged from Tier 0 to Tier 3 depending on the fuel
type and design configuration implemented. The performance of Stove
4 was the least variable; emissions remained within Tier 2 for both
fuel types. Emissions from Stove 5 were on the border between Tier 2
and Tier 3 when the stove was fueled with corn cobs and on the border
between Tier 3 and Tier 4 when the stove was fueled with wood pellets
(Fig. 3). Although several of the configuration/fuel type combinations
met the Tier 4 high-power CO rating, only Stove 5 operating on wood
pellets came close to meeting the Tier 4 high-power PM rating. The
emission results for Stove 5 are noteworthy since previous studies



Fig. 3. High power carbon monoxide emissions vs. high power particulate matter emissions compared to ISO tiers for biomass stove performance. Error bars represent one standard
deviation with the exception of the error bars on the data point for Stove 2 fueled with corn cobs. This data point (marked with an asterisk) is based on only two test replicates and
the error bars represent the total range of the two results.
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suggested that such low particulatematter emissionswere only achiev-
able with forced-air semi-gasifier cookstoves (Jetter et al., 2012). These
results suggest that natural-draft TLUD semi-gasifier cookstoves have
the potential to meet both of the high power Tier 4 emission ratings.

Emission increases associated with refueling

The two design changes made to Stove 1 to create Stoves 2 and
3 were motivated by the low efficiencies measured with Stove 1. The
efficiency increased when the cylindrical duct and pot skirt were
Fig. 4.High power carbonmonoxide emissions vs. thermal efficiency compared to ISO tiers for b
of the error bars on the data point for Stove 2 fueled with corn cobs. This data point (marked w
range of the two results.
added above the secondary combustion zone. The effect of these design
changes on CO and PM10 emissions varied depending on the fuel type.
Specifically, when corn cobs were used as a fuel, emissions from Stoves
2 and 3 were lower than those from Stove 1. When wood pellets were
used as a fuel, emissions from Stoves 2 and 3 were higher than those
from Stove 1 (Fig. 4).

The high CO emissions observed when Stove 1 was operated using
corn cob fuel resulted from the need to refuel the stove prior to comple-
tion of the cold start test due to the low bulk energy content in the corn
cobs and high thermal mass of the stove. This determination was made
iomass stove performance. Error bars represent one standard deviationwith the exception
ith an asterisk) is based on only two test replicates and the error bars represent the total
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by comparing real-time CO measurements with real-time temperature
measurements taken inside the fuel chamber. Fuel bed temperature
measurements allowed tracking of the primary combustion zoneduring
stove operation. Data from a representative cold start performed with
Stove 1 and corn cob fuel are shown in Fig. 5a. CO emission levels
were lowest at the beginning of the test, just after ignition, when gasifi-
cation had not yet started. CO emissions became noticeably higher once
gasification started. Emissions increased once againwhen the entire fuel
bed had gasified and the char began to burn. After the char was burnt,
fuel had to be added to continue the test. Subsequent batches of fuel
were consumed quickly and carbonmonoxide emissions became higher
than at any other point during the test. During these times the stovewas
no longer operating purely as a TLUD semi-gasifier. Refuelingmay have
(a)

(c)

(e)

Fig. 5. CO emissions and fuel chamber temperatures during a cold start test done with (a) St
(d) Stove 2 and wood pellet fuel, (e) Stove 3 and corn cob fuel, and (f) Stove 3 and wood pelle
also resulted in sharp increases in PM emissions, but real-time PMemis-
sions were not measured in this study.

Similar CO emission trends were observed when Stoves 2 and 3
were operated using corn cob fuel. The modifications to Stove 1 did
not reduce CO emission levels for the first batch of fuel substantially.
However, because Stoves 2 and 3 exhibited improved the heat transfer
to the pot, the stoveswere refueled fewer times. The lower overall emis-
sions for the tests were the result of reducing the number of emission
spikes. For Stove 2, consumption of the original batch of corn cob fuel
proceeded more slowly than in Stove 1 and the stove only had to be
refueled once during the test (Fig. 5c). For Stove 3, the approximate
time to boil was reduced from 25 min (for Stove 1) to 15 min and the
stove did not have to be refueled during the test (Fig. 5e).
(b)

(d)

(f)

ove 1 and corn cob fuel, (b) Stove 1 and wood pellet fuel, (c) Stove 2 and corn cob fuel,
t fuel.
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When Stove 1 was fueled with wood pellets, extremely low CO
emissions were observed (Fig. 5b). In this case, Stove 1 did not require
refueling prior to completion of the test. Emissions from Stove 2 were
not substantially different (see Fig. 5b and d). However, emission levels
from Stove 3 were higher (Fig. 5f). In this configuration, the modifica-
tions may have affected the airflow through the stove and enhanced
heat transfer from the hot gases to the pot may have actually limited
the oxidation of pollutants by reducing the gas temperature.

The performance of Stove 4 did not vary as substantially with fuel
type in comparison to Stoves 1, 2, and 3. As shown in Fig. 6, the CO emis-
sions were slightly higher for Stove 4 when the corn cob fuel was used.
Stove 4 had to be refueled once during the cold start when corn cobs
were used. However, a dramatic increase in emission rate was not ob-
served upon refueling. Stove 5 did not require refueling during the
cold start when either fuel was used (Fig. 7).

These results illustrate how the bulk energy density of the fuel im-
pacts the CO emissions. It is understood that the choice of fuel type
used in the field is dictated by cost and availability. However, the results
underscore the need to incorporate the fuel type that the consumer is
known to be most likely to use into the stove design for TLUD semi-
gasifier cookstoves.

These results also illustrate how changes in operator behavior can
have a large affect on stove performance. This point has been illustrated
with other types of cookstoves in previous studies. Jetter et al. (2012)
tested a three stone fire and two rocket elbow stoves under different
operating conditions and observed a substantial variation in emissions
performance. If the natural-draft TLUD semi-gasifier cookstoves tested
in this study were to be tested by different operators, either in the lab-
oratory or under real-world conditions, the technique used by different
operators to refuel the stove, and the frequency at which different
operators refueled, would most likely lead to substantial variability in
the results. Since refueling has been demonstrated to result in large,
transient increases in CO emission rate, semi-gasifier cookstove dissem-
ination projects should be accompanied by training to educate users on
the issues associated with adding fuel onto the hot char bed.

Further discussion on the experimental results

Because only the cold start phase of the EPTPwas completed, the re-
sults do not provide a complete picture of the performance of each
stove. The results of the hot start phase are also typically considered
when evaluating high-power performance, and ISO IWA tiers were
(a)

Fig. 6. CO emissions and fuel chamber temperatures during a cold start test d
also established for low-power emissions and fuel consumption (ISO
InternationalWorkshopon Clean and Efficient Cookstoves, 2012). How-
ever, the purpose of this study was not to provide a comprehensive re-
view of stove performance. Rather, the purpose was to illustrate how
performance could vary between five different stove configurations
that operate under the same natural-draft TLUD semi-gasifier operating
principle.

Another limitation associated with the experimental results is the
small sample sizes used and the high variance associated with the CO
and PM10 measurements. This variance is illustrated by the error bars,
which depict one standard deviation, in Figs. 3 and 4. The use of larger
sample sizes would have improved the level of confidence in the overall
magnitudes of the emission measurements. However, the experimental
results illustrate the range of performance that is possible with natural-
draft TLUD semi-gasifier cookstoves, and the real-time carbonmonoxide
emission measurements illustrate how strongly performance can be af-
fected by fuel type, operating conditions, and user behavior. Efficiency
measurements, on the other hand, were less variable and the coefficient
of variance for all efficiency measurements was below 20%.

Three of the design configurations tested (Stoves 1, 2, and 3) in-
cluded chimneys. In addition to the tiers for overall high-power emis-
sions, ISO IWA tiers for indoor emissions have been established (ISO
International Workshopon Clean and Efficient Cookstoves, 2012) to
help evaluate the potential for improving user health by using a chim-
ney to direct emissions away from the user and out of the home. In-
door emissions, which represent the difference between the total
emissions from the stove and the portion of those emissions that
would be directed out of the home through the chimney, were notmea-
sured in this study. Consequently, the total emissions from the chimney
stoves may not necessarily be comparable to the total emissions from
the non-chimney stoves from the perspective of health impacts. How-
ever, field studies involving chimney stoves have shown that not all of
the emissions produced by a chimney stove are directed out of the
home and that high concentrations of CO and PMmay still bemeasured
inside homes with chimney stoves (Naeher et al., 2000; Northcross
et al., 2010; Tian et al., 2009). Because a portion of the emissions pro-
duced by a chimney stove are expected to remain in the home, lower
overall emissions from chimney stoves are expected to correlate with
lower indoor emissions.

It should also be noted that all five stoves exhibited carbon monox-
ide emission spikes during shut-down. These spikes are not shown in
Figs. 5 through 7, however, because emissions from the shut-down
(b)

one using Stove 4 (a) with corn cob fuel and (b) with wood pellet fuel.



(a) (b)

Fig. 7. CO emissions and fuel chamber temperatures during a cold start test done using Stove 5 (a) with corn cob fuel and (b) with wood pellet fuel.
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process are not included in the EPTP or any other water boiling test.
However, the existence of shut-down emissions, as well as mitigation
methods, should be considered since users will be exposed to these
emissions during real-world use of semi-gasifier cookstoves.
Energy balance results

The results of the energy balance model are shown in Figs. 8 and 9.
The calculated quantities of energy transferred to the water and
stove body; remaining in the char; and transferred out of the stove
via the exhaust gases, convection and radiation are shown. For each
configuration/fuel type combination, the results are reported in terms
of total energy required to complete the cold start test (Fig. 8) and as
a fraction of the total energy contained in the fuel input into the stove
during the test (Fig. 9).
Fig. 8. Results of the energy balance with the total energy consumption attributed to each com
input into the stove, in the form of fuel, to bring 5 L of water from 15 °C to 90 °C.
Stove 1 used the greatest amount of energy to complete the test
(Fig. 8). Compared to Stoves 4 and 5, Stoves 1, 2 and 3 had more heat
addition to the stove body and energy transferred out of the stove via
the exhaust gases. These larger losses were the result of the high ther-
mal mass of Stoves 1, 2, and 3 as well as the presence of the chimney
(MacCarty et al., 2010). The thermal efficiency of a cookstove is primar-
ily dependent upon the ability to transfer heat to the cooking surface
through radiation from the flame and convection from the hot gases.
The amount of heat transferred to the cooking surface by convection is
proportional to the area over which the hot gases flow. Stoves 1 and 2
only allowed heat to be transferred to the pot by radiation and by hot
gases impinging on the bottom of the pot. The surface area for convec-
tion was limited to the area of the bottom of the pot. Consequently,
thermal efficiencies were low in these configurations. Stove 3, which in-
cluded a pot skirt, had a larger area over which convective heat transfer
to the pot could occur because the hot gases were forced to flow around
ponent shown. The overall length of the bar for each test case represents the total energy



Fig. 9. Results of the energy balance with the total energy consumption attributed to each component shown as a percentage of total energy consumption.
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the sides of the pot. It should be noted that, for Stove 3, a faster time to
boil also resulted in reduced energy losses due to stove body heating,
despite the high thermal mass of the stove, as evidenced by the results
for Stoves 2 and 3 operating with corn cobs. These results suggest that
the stove body never reached a steady state temperature.

For Stoves 4 and 5, which had lower thermal masses due to their
smaller sizes and lack of refractory lining, energy losses due to stove
body heating, convection, and radiation were all very low (Fig. 8).
Although the thermal efficiencies of Stoves 4 and 5 were comparable
(Fig. 4), Stove 5 used more energy to complete the test than Stove 4
(Fig. 8). This difference was due to the fact that a large amount of
the energy input to Stove 5 was left over as char at the end of the test
(Fig. 9).

As shown in Fig. 9, a large fraction of the energy input into a semi-
gasifier cookstove in the form of fuel may be left over in the form of
char at the end of the test. Most notably, an average of 52% and 59% of
the energy input was left over as char at the end of the test for Stove 5
fueled with corn cobs and wood pellets, respectively. This value was
28% for Stove 1 fueled with wood pellets, 26% for Stove 2 fueled with
wood pellets, 23% for Stove 3 fueled with corn cobs, 35% for Stove 3
fueled with wood pellets, 23% for Stove 4 fueled with corn cobs,
and 32% for Stove 4 fueled with wood pellets. These results illustrate
why it is important to consider the difference between the thermal
efficiency and overall efficiency when evaluating a semi-gasifier
cookstove—especially if the cookstove has been designed to produce
charcoal or biochar. Although the average thermal efficiency of Stove
5 was approximately 42%, the average overall efficiency was only 17%
(Fig. 9).

If the char that is left over after the fuel is gasified is put to some
use (for example, as a fuel in a charcoal-burning stove or as a soil
amendment), the low overall efficiency may not be a disadvantage
to the stove user. For example, some combination TLUD/charcoal cook-
stoves have been designed inwhich the fuel chamber can be removed to
transform a semi-gasifier cookstove into a charcoal stove once the gas-
ification process is complete (for an example, see Wisdom Innovations
(2013)). However, it is recommended that testing protocols include a
calculation of efficiency, similar to the “overall efficiency” calculation
used in this study and shown in Eq. (2), in which the energy remaining
in the char at the end of the test is not subtracted from the energy input
into the stove in the form of fuel. The thermal efficiency calculation
typically used in the WBT and EPTP test protocols (DeFoort et al.,
2010; The Water Boiling Test: Version 4.2.3, 2014) is primarily a mea-
sure of how efficiently heat is transferred to the pot and does not always
reflect how efficiently a given stove uses fuel overall.

Conclusions

The results of this study illustrate that differences in stove design can
lead to a wide variation in performance among different natural-draft
TLUD semi-gasifier cookstoves. In addition, changes in fuel type and op-
erating procedure can have a profound effect on the exhaust emissions
for the same natural-draft TLUD semi-gasifier cookstove. The results
show that natural-draft TLUD semi-gasifier cookstoves do have the po-
tential to achieve lowemissionswhen operated under controlled condi-
tions (specified fuel type and operating procedure). Additional work is
needed to develop a natural draft semi-gasifier cookstove that achieves
Tier 4 performance, but the results of this study suggest that Tier 4 high-
power emissions and thermal efficiencymay be within reach using this
relatively simple design.

The instantaneous CO and temperaturemeasurements strongly sug-
gest that refueling TLUD semi-gasifier cookstoves results in a sharp in-
crease in CO emissions. In the field, there is no guarantee that users
will refrain from refueling the stove during operation and thereby be
exposed to high emissions. Improving the thermal efficiency of a stove
can reduce the incidence of these transient increases in CO emissions
by increasing the amount of useful energy that can be delivered to the
cooking surfacewithout refueling. However, eliminating these transient
increases altogether by developing a stove design that can respond to
transient conditions will be necessary to ensure low CO emissions in
the field. Overall, it is important to consider real-world operating condi-
tions when designing a semi-gasifier cookstove and efforts should not
focus only on designing a stove that performs well during laboratory
tests and achieves high ratings according to the ISO IWA tiers. Specifical-
ly, the effects that all modes of stove operation, including refueling,
transition to char combustion, and shut-down, have on emissions
should be considered even if these operationalmodes do not necessarily
occur during the course of a WBT.

Stoves should be tested in the laboratory using as many fuels that
may be used in the field as possible. Existing TLUD semi-gasifier cook-
stove designs should not be promoted as capable of utilizing any bio-
mass as fuel. Although the stove will function using a wide variety of
fuels, emissions performance will vary substantially. This study clearly
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shows that TLUD semi-gasifier cookstoves that exhibit very low emis-
sions with one fuel type may exhibit very high emissions with another
fuel type. Accordingly, further research and development efforts must
be aimed at developing cookstove designs whose emissions and perfor-
mance aremore robust and not as strongly affected by the solid biomass
fuel type and/or stove operating conditions.

Furthermore, the results of the energy balance modeling illustrate
that, for some designs, up to 60% of the energy contained in the fuel
that is consumed by TLUD semi-gasifier cookstoves is left over in the
form of char after the fuel bed is gasified. This result illustrates the im-
portance of considering the difference between the fraction of the ener-
gy released from the fuel that is transferred to the cooking pot and the
fraction of the energy contained in the total mass of fuel consumed
that is transferred to the cooking pot. It is also important to consider
whether or not the char that is produced will be useful to the target
consumer.
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