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Many individuals in developing areas use biomass cookstoves for cooking although there are many inherent
health hazards. Judging which improved cookstove to use and distinguishing the best one for a given cooking
style tomitigate these hazards is challenging. Thermal efficiency (ηth) is one assessment parameter of cookstoves
that is often used. To compare ηth between cookstoves or to assess the effects of a design change on ηth, it is im-
portant to understand how the uncertainty in ηth depends on measurements, input data (equipment uncer-
tainties, literature values, etc.), and test conditions. In this work, measurement and input data uncertainties are
quantified with a propagation of uncertainty analysis for a basic brick channel cookstove used in many
Peruvian households. This method can be used in any study by using reasonable uncertainty values for that
study. Results showed that the four main parameters contributing to 93% of the ηth uncertainty were the lower
heating values (LHV) of wood and char, the moisture content, and the change in temperature of the water in
the pot. Reducing the uncertainty of LHV of unprocessed fuels is themost difficult. If such fuels are used, reporting
the LHV value and its associated uncertainty is highly valuable.

© 2016 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
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Introduction

The hazards of using biomass cookstoves on a daily basis are well
documented, including the potential of asthma, cancer, carbon monox-
ide poisoning, and others (Mueller et al., 2011; Chowdhury, 2012;
Abeliotis and Pakula, 2013; Hawley and Volckens, 2013). In addition
to the personal risk of using biomass cookstoves, there are significant
environmental effects. The pollutants released are greenhouse gas emis-
sions, and the particulate matter can increase global climate change
(Bond et al., 2013). Despite these health risks and the environmental
damage, those living in developing regions often have no option other
than the continued use of biomass to cook and to heat their homes.

Beginning in the mid-1980s, many organizations have made efforts
to mitigate the health and environmental hazards by engineering
and distributing more efficient, cleaner burning biomass cookstoves
(Baldwin, 1987). Improved cookstove designs have ranged from wood
burning rocket stoves to cookstoves specializing in the use of farming
waste. Assessment of the performance of improved cookstoves has
been conducted using theWater Boiling Test (WBT) or a variant thereof
(Jetter et al., 2012; Manoj et al., 2013; Bailis et al., 2014; Kshirsagar and
Kalamkar, 2014). Two commonly reported values from these tests are
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the modified combustion efficiency (MCE), often observed above 90%,
and the thermal efficiency (ηth) which is often shown to be below 50%
(Jetter et al., 2012). This work focuses on ηth.

Recent efforts to improve ηth have involved modeling the heat
transfer, in whole or in part, and then improving the cookstove
design (Wohlgemuth et al., 2009; Agenbroad, 2010; Andreatta and
Wohlgemuth, 2010; MacCarty and Bryden, 2015). However, physical
tests are still required for model validation and for comparing ηth of
cookstoves based on changes to cookstove designs. Usually, the aver-
age ηth for a number of test replicates (and sometimes standard devia-
tion or confidence interval) is reported in the literature to compare
various cookstoves or to assess design changes. To effectively compare
ηth between cookstoves or to assess the effects of a design change on
ηth, it is important to understand how the uncertainty in ηth depends
on measurements, input data (manufacturing specifications, literature
values, etc.), and test conditions.

The uncertainty associated with measurements, input data, and test
conditions can be a result of uncertainties in the models and input pa-
rameters, variability in the equipment used in testing, and random
changes in test conditions such as wind speed, ambient temperature,
the method in which wood is stacked within or the method in which
fuel is fed into the cookstove. Valid, unbiased comparison of cookstove
performance can only be made if variations in conditions in which the
tests were performed and the uncertainties in measurements and
input data are reported. Unfortunately, variations can also occur both
with different testers and the same tester (Zube, 2010). Fortunately,
.
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measurement and input data uncertainties can be quantified with a
propagation of uncertainty analysis based upon the equations used to
calculate ηth. The focus of this work is to address the uncertainty of ηth
associated with measurements and input data. Although uncertainty
of ηth associated with various testing conditions is not the focus of this
work, it is important to reemphasize the need to report testing condi-
tions to adequately compare ηth reported in the literature.

Materials and methods

Testing chamber and cookstove

As shown in Fig. 1A, a cinderblock structure (1.4 m long × 0.8 m
wide× 0.7 m high) was built on a rolling metal cart. The cookstove
was placed in the cinderblock housing on a 6.4-mm thick metal plate.
Underneath the plate was a 10 cm deep container of sand used to
imitate an in-home cookstove placed on the ground. The cinderblock
housing was topped by a hood through which the exhaust flowed
through a fan and a flue at an approximate flow rate of 16 L/min.

The cookstove used for this study simulated a basic channel cook-
stove used in many Peruvian households in the Piura region. The basic
design of this cookstove is simply two small, parallel walls of bricks
that are placed far enough from each other to maximize the fire while
still holding the cooking pot above the fire. The brick walls used in
these experiments were 2.5 bricks high and 2.5 bricks long, which re-
sulted in a wall 14 cm tall by 56 cm long and 10 cm wide. The walls
were set approximately 15 cm apart. The effects of three modifications
to the channel cookstove on ηth were investigated. First, a grate was in-
cluded by adding one additional layer of bricks (adding an additional
5.5 cm to the height) and placing the grate between the lower andmid-
dle layers of brick. The intent of thismodificationwas to reduceheat loss
to the ground and to improve the combustion efficiency by increasing
airflow into the combustion zone. Second, a pot skirt made of bent
metal sheets to conform to the sides of the pot was added to increase
heat transfer to the pot (shown in Fig. 1C). Third, the combined effects
of the grate and skirt were investigated. The basic cookstove design
was tested seven times, the grate addition six times, the skirt addition
nine times, and the grate/skirt addition five times.

Experimental protocol

For each test, a 15-L pot (25 cmhigh, and25 cmdiameter)filledwith
2.5 L of water was placed on the cookstove. The temperature of
the water was continuously measured using a k-type thermocouple.
Douglas fir was cut into uniform sticks (2 cm × 2 cm × 25 cm) for
each experiment. Thewoodwas dried in a dehydrator for approximate-
ly 24 h before testing to maintain consistency in the moisture content.
A
B

C

Fig. 1. (A) Cookstove testing chamber with a traditional Peruvian brick channel stove
resting atop a metal plate. The hood vented to a chimney augmented by a fan that can
be seen directly above the apex of the hood. (B) The wood was arranged in a ‘log-cabin’
configurationmadeof sticksmeasuring 2 cm×2 cm×13 cm. Therewere 4 layers of sticks,
with each layer containing 2 sticks. (C) Skirt surrounding pot.
The wood moisture content was measured at the beginning of each
run using a wood moisture meter (MMD4E The Seeker, General Tools,
NewYork City, NY). For all runs, themoisture contentwas below thede-
tectable limit of themeter (5%).While using amoisturemeter is not the
preferred method for determining moisture content in the WBT proto-
col, it is mentioned as an option and is an inexpensive and fast method.
For this study, moisture meter measurement error was used to provide
a worse-case scenario as to the contribution of this measurement error
to ηth analysis.

The WBT was performed during each run to obtain ηth. The wood
was arranged in a ‘log-cabin’ configuration at the beginning of each
cold start phase as shown in Fig. 1B. For the log-cabin, the sticks were
cut in half and four layers of sticks were stacked, with each layer
containing two sticks. The cold start is where the cookstove begins at
ambient temperature. Newspaper and splintered wood were placed
in the center as starter and kindling and the fire was started. At each
four minute interval following the start of the fire, an alternating
pattern of three wood sticks and then two wood sticks were added
to the existing fire until the water boiled. At this point, the fire was
extinguished by removal from the cookstove and smothering. The
amount of wood and charcoal remaining was measured using a digital
scale with an accuracy of ±0.5 g. The charcoal was obtained by both re-
moving the charcoal in the combustion chamber and by shaving off the
charcoal from the remaining wood with a file. After the cold start anal-
ysis, all charcoal and wood were removed from the cookstove and the
process described for the cold start was repeated with a fresh pot again
filled with 2.5 L of water. The only difference was that the cookstove
was now warm at the beginning of the burn. This phase is called the
hot start phase. Once the water boiled in the hot start phase, the fire
was extinguished and the remainingwood and charcoal were weighed.
Then, additional hot start phases were continued. Only runs involving
the hot start phase were analyzed in this work to reduce variability in
the analysis.

Calculation of the thermal efficiency, ηth

As previously defined (Bailis et al. 2014), ηth is the ratio of the energy
transferred to the water in the pot (Epot) to the energy available in the
fuel (Efuel):

ηth ¼ Epot
Efuel

ð1Þ

Monitoring the temperature of the water in the pot, measuring the
mass of water that evaporated, and determining the amount of wood
consumed are some of the key aspects needed to determine ηth (Bailis
et al., 2014; Poudyal et al., 2015).

The amount of energy transferred to the pot is calculated according
to

Epot ¼ Cpw �mwater;i � ΔT þ ΔhH2O;fg � Δmwater ð2Þ

where Cpw is the specific heat of water, mwater,i is the initial mass of
water in the pot, ΔT is the final temperature of water minus the initial
temperature of water in the pot, ΔhH2O,fg is the heat of vaporization of
saturated water at the ambient pressure (often approximated as the
heat of vaporization at Pamb = 1 atm or T = 100 °C), and Δmwater is
the change inmass of water in the pot. In Eq. (2), the first term accounts
for the energy used to heat the water and the second term accounts for
the energy used in water evaporation.

The energy in the fuel is approximated as

Efuel ¼ f cd � LHVwood ð3Þ

where fcd is the equivalent dryweight ofwood consumed and LHVwood is
the lower heating value of the wood consumed on a dry basis. fcd is a

Image of Fig. 1


Table 1
Summary of measured data for each cookstove configuration.

fcm (g) Δmwater (g) ΔT (K) mc (g)

Basic stove (n = 9)
Average 566.6 19.5 70.4 52.0
Std dev 89.7 4.8 1.2 7.3
Std dev/average 0.16 0.25 0.02 0.14

Skirt (n = 9)
Average 385.7 22.0 70.5 43.0
Std dev 24.0 4.3 1.3 8.3
Std dev/average 0.06 0.20 0.02 0.19

Grate (n = 5)
Average 502.0 18.9 70.7 37.8
Std dev 106.9 3.5 2.5 9.8
Std dev/average 0.21 0.19 0.04 0.26

Skirt and grate (n = 5)
Average 366.0 23.2 69.9 37.4
Std dev 42.7 6.6 1.4 4.4
Std dev/average 0.12 0.28 0.02 0.12
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way to group variables for calculating ηth and is defined as,

f cd ¼ f cm � 1−MCð Þ− f cm �MC � y− LHVc

LHVwood
�mc ð4Þ

where fcm is themass of the fuel consumed during the test including the
moisture in the fuel,MC is the initialmoisturemass fraction of thewood
(g/g), LHVc is the lower heating value of the charcoal obtained from
burning the wood, mc is the mass of the charcoal remaining, and y is
the ratio of energy used to remove moisture from the wood relative to
energy available in the dry wood. Specifically,

y ¼ Cp� Tboil−Tambð Þ þ ΔhH2O;fg
� �

LHVwood
ð5Þ

where Tboil is the boiling temperature of water (based on ambient
pressure) and Tamb is the ambient temperature during the test. In
Eq. (4), the first term describes the energy released from the moisture-
free burned wood, the second term describes the energy used to vola-
tilize the moisture in the wood and the third term describes the energy
remaining in the charcoal after the test is completed.

Uncertainty of ηth

The maximum uncertainty in ηth, due to uncertainties in both mea-
surements and input data, is denoted as δth. The maximum uncertainty
in ηth was calculated for each experiment based on the propagation of
uncertainty (Bethea and Rhinehart, 1991) according to

δth ¼ ∑i
∂ηth
∂xi

����
����δi

� �
ð6Þ

Here, xi represents each measurement and input data parameter in
Eqs. (2)–(4) that is used to calculate ηth and i is the total number of pa-
rameters (see Table 2 for xi parameters). δi is themaximum uncertainty
associated with each xi. Thus, δth is found by summing the product of δi
and the partial derivative (or sensitivity) of the thermal efficiency with
respect to xi evaluated at the average value of each xi.

The fractional contribution, fi, of each parameter to δth is defined as

f i ¼
∂ηth
∂xi

����
���� δi
δth

ð7Þ

The fractional contribution is useful in determining the relative im-
portance of the uncertainty in each parameter to ηth.

In addition to calculating the maximum uncertainty of ηth, the
propagated standard deviation of ηth was also calculated to enable
the calculation of confidence intervals for ηth based on measured and
input data uncertainties. In general, a 99% confidence interval would
have a smaller interval than the maximum uncertainty interval since
themaximumuncertainty assumes that all uncertainty for each parame-
ter xiwould propagate at themaximum uncertainty. Amaximum uncer-
tainty actually occurring is also very unlikely to be observed in practice.
The propagated standard deviation (σth) is calculated according to

σ th ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑i

∂ηth
∂xi

����
����σ i

� �2
s

ð8Þ

where σi is the standard deviation of the measured or input data param-
eter xi.

A more intriguing form of Eqs. (6)–(8) is obtained by multiplying
and dividing the right side of Eq. (6) by ηth to obtain:

δth ¼ ∑i
∂ηth
∂xi

����
����δi

� �
¼ ηth∑i

∂ηth
∂xi

����
����δi

ηth

0
BB@

1
CCA ¼ ηth∑iKi ð9Þ
where ϕi is a new variable that represents the contribution of each pa-
rameter xi to δth. Here, the summation of ϕi provides information on
the value of δth relative to ηth. Similarly, substituting the definition of
ϕi shown in Eq. (9) into Eq. (7) gives

f i ¼ Ki
ηth
δth

ð10Þ

Also, substituting the definition of ϕi shown in Eq. (9) and σi =
δi ∕ 2.57 (based on the maximum uncertainty for parameter i being in
the 99th percentile) into Eq. (8) gives

σ th ¼ ηth
2:57

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑iKi

2
q

ð11Þ

An advantage of using ϕi is that this term is less complex than the
partial derivatives enabling δth, fi, and σth to be quickly obtained from
knowledge of ηth and the value of each ϕi.

Results

Table 1 shows the mass of fuel consumed (fcm), the mass of water
evaporated (Δmwater), the change in water temperature (ΔT), and
mass of charcoal remaining (mc) at the end of each test for the basic
stove, stove with skirt, stove with grate, and stove with both a skirt
and grate.

As expected, fcm for each test varied significantly. The basic design
used the most wood, and the least wood was consumed when the
skirt and grate/skirt were used. fcm for both configurations that included
skirts was statistically less (99% confidence) than the basic stove. Since
fcm for the grate configuration was also significantly greater (90% confi-
dence) than the skirt and significantly greater (95% confidence) than
the grate/skirt configuration, this showed that the simple skirt signifi-
cantly reduced fuel consumption.

The amount of water vaporized and the change in water tempera-
turewere very similar among all configurationswith amaximumdiffer-
ence in water vaporized of 4.3 g (approximately 20 g of water was
vaporized in each test) and a maximum difference in temperature
changes of 0.82 K (eachΔTwas approximately 70 K). This was expected
since the initial water temperature for all runs was similar and the
boiling temperature varied only slightly among testing days due to the
slight variation in atmospheric pressure. Values of ΔT were consistent
because the initial water temperature was easily controlled while the
other three measured parameters (fc, Δmwater, mc) could not be directly
controlled. On theother hand, themass of the remaining charcoal varied
among each type ofmodified cookstove. The average for each configura-
tion ranged from32.4 g to 52.0 g, with the grate and grate/skirt showing
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the least amount of charcoal. The basic cookstove showed significantly
more charcoal formation (95% confidence) compared to all configura-
tions with a skirt and/or grate. This finding suggests that the grate
and/or skirt can be effective for reducing charcoal.

After each experiment, ηthwas calculated using Eqs. (1)–(5) Then,ϕi

was evaluated for each xi parameter and subsequently δth, fi, and σth

were calculated using Eqs. (9)–(11). According to the definition of ϕi

shown in Eq. (9), δi is required to evaluate ϕi. Table 2 shows δi for
each key parameter xi in Eqs. (2)–(5), literature values for some xi,
and the source for each δi. It should be noted that δΔT is twice the uncer-
tainty of the thermocouple used because the term is derived from two
temperatures subtracted from each other. Similarly, fcm and Δmwater

are twice the uncertainty of the measurement scale because these
parameters are derived from two mass values subtracted from each
other. Where literature values were used, the ratio of δi to the litera-
ture value ranged from about 0.01 to 0.10. Thus, some parameters
can potentially have more impact on uncertainty contributions than
other parameters.

Of particular interest was the quantification of δi for both values
of LHV. The LHV of an individual species of wood can vary from tree
to tree and by location within the tree. Values found in literature
for Douglas fir range from 19.5 MJ/kg (Jetter and Kariher, 2009) to
21.1 MJ/kg (Kuhns and Schmidt, 2016). Using the average of these
values as the value of thewood burned in this study, themaximum var-
iance is 0.8MJ/kg or about 4% of the value. Additionally, the valueswith-
in a single tree can also vary significantly. If the lower heating value of
wood used in cookstove combustion is bounded by the lower heating
values of the stem (i.e. trunk) and the branches, using data from Singh
and Kostecky, the average stem LHV was 19.122 for the softwoods and
18.396 hardwoods studied and the average branch LHV was 20.649
and 19.545 (Singh and Kostecky, 1986). Using the average of stem and
branch LHV values as the value of the burned wood, this would give a
maximum variance of ±4% of the value for softwoods and ±3% for
the hardwoods. On the other hand, measurements of the LHV (such as
using a bomb calorimeter) for processed fuels can lead to a very low δi.

Evenmore difficult is identifying δi and the literature value of LHV of
the charcoal remaining from the wood as these values can vary from
wood species to species and there is very little data available at that
level of specificity. Taylor showed significant variance (values ranged
from 22.6 MJ/kg to 31.0 MJ/kg) from the WBT's currently assumed (in
the absence of user defined data) char LHV value of 29.5 MJ/kg for all
wood-derived char (Taylor, 2009; Bailis et al., 2014). It is important to
have a value assumed for the casewhere a researcher is for some reason
Table 2
Uncertainty estimates of all measured and input parameters of ηth (Eqs. (1)–(5)).
Starred values indicate that the value is twice that of the instrument because it is a calculated

xi Value δi Units Source

Cp 4.186 0.0042 kJ/kg/K Specific heat of water
http://www.nist.gov/srd/upload/jpcrd38200921p.p

mwater,i 0.5 g Salter® scale.
http://www.salterusa.com/salter_us/catalog-us/kit

ΔT 1.0* K K-type thermocouple after calibration.
Hvap,Pamb 2260 0.4 kJ/kg Heat of vaporization of saturated water at ambient

http://www.iapws.org/relguide/Advise1.pdf
Δmwater 1.0* g Salter® scale.

http://www.salterusa.com/salter_us/catalog-us/kit
fcm 1.0* g Salter® scale. http://www.salterusa.com/salter_us/
MC 2.5 % General Tools® moisture meter

http://www.generaltools.com/MMD4E--Pin-type-L
LHVwater 19,314 965 kJ/kg Variation in literature shows approximately 5%
LHVc 29,500 2950 kJ/kg The WBT worksheet assumes this value in the abse

and this value can vary significantly across tree spe
discussed in the body of this work.

mc 0.5 g Salter® scale.
http://www.salterusa.com/salter_us/catalog-us/kit

Tamb 0.5 K K-type thermocouple after calibration.
Tboil NA K Calculated boiling temperatures
unable to get the data necessary, and so it is also important to knowhow
much variance may be added by using this assumption. It should be
noted that researchers can use variousmethods (such as bomb calorim-
etry) to measure LHV and thereby decrease the error significantly from
what is used in this study.

Eqs. (12)–(18) showsϕi for all xi parameters in Table 2 except for Cp,
mwater,i, Hvap,Pamb, Tamb, and Tboil. The ϕi for these parameters are not
shown since the sum of the fractional contribution (fi) of each of these
parameters to δth accounted for less than 1% in the experimental studies.

KLHVwood
¼ δLHVwood

LHVwood
∙

1

1−
mc

f c

� �
1

1−MC 1þ yð Þ
� �

LHVc

LHVwood

� �
2
664

3
775

¼ δLHVwater

LHVwood
∙ modLHVwood

� � ð12Þ

KΔT ¼ δΔT
ΔT

∙
1

1þ Δmwater

mwater;i

� �
ΔhH2O;fg
Cp � ΔT

� �
2
6664

3
7775 ¼ δΔT

ΔT
∙ modΔT½ � ð13Þ

KMC ¼ δMC

MC
∙

1
1

MC 1þ yð Þ 1−
mc

f cd

� �
LHVc

LHVwood

� �� 	
−1

2
664

3
775 ¼ δMC

MC
∙ modMC½ �

ð14Þ

KLHVc ¼
δLHVc
LHVc

∙
1

1−MC 1þ yð Þ
mc

f cd

� �
LHVc

LHVwood

� �−1

2
6666664

3
7777775
¼ δLHVc

LHVc
∙ modLHVc½ � ð15Þ

Kmc ¼
δmc

mc
∙

1
1−MC 1þ yð Þ
mc

f cd

� �
LHVc

LHVwood

� �−1

2
6666664

3
7777775
¼ δmc

mc
∙ modmc½ � ð16Þ
difference.

df

chen-scales/aquatronicr-high-capacity-scale-with-touchless-tare.html

pressure which is assumed to be 1 atm.

chen-scales/aquatronicr-high-capacity-scale-with-touchless-tare.html
catalog-us/kitchen-scales/aquatronicr-high-capacity-scale-with-touchless-tare.html.

CD-Moisture-Meter_p_636.html

nce of other data. Assumed 10% uncertainty since data was not readily available
cies, though it can be determined with good accuracy through several methods as

chen-scales/aquatronicr-high-capacity-scale-with-touchless-tare.html

http://www.nist.gov/srd/upload/jpcrd38200921p.pdf
http://www.salterusa.com/salter_us/catalog-us/kitchen-scales/aquatronicr-high-capacity-scale-with-touchless-tare.html
http://www.iapws.org/relguide/Advise1.pdf
http://www.salterusa.com/salter_us/catalog-us/kitchen-scales/aquatronicr-high-capacity-scale-with-touchless-tare.html
http://www.salterusa.com/salter_us/catalog-us/kitchen-scales/aquatronicr-high-capacity-scale-with-touchless-tare.html
http://www.generaltools.com/MMD4E--Pin-type-LCD-Moisture-Meter_p_636.html
http://www.salterusa.com/salter_us/catalog-us/kitchen-scales/aquatronicr-high-capacity-scale-with-touchless-tare.html
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K f cd ¼
δ f cd

f cd
∙

1

1−

LHVc

LHVwood

� �
mc

f cd

� �
1−MC 1þ yð Þ

2
6666664

3
7777775
¼ δ f cd

f cd
∙ modf cd

� � ð17Þ

KΔmw ¼ δΔmwater

Δmwater
∙

1

1þ mwater;i

Δmwater

� �
Cp � ΔT
ΔhH2O;fg

� �
2
6664

3
7775 ¼ δΔmwater

Δmwater
∙ modΔmwater½ �

ð18Þ

As seen, each ϕi has two essential elements. The first element is a
ratio between the parameter uncertainty (δi) and the corresponding
value of the parameter. The second element is a modulation factor
that may amplify or attenuate ϕi and can lead to some experimental
guidelines as discussed later. When looking at the modularity terms in
Eqs. (12)–(18), the modularity terms in Eqs. (12) and (14)–(17) will
always amplify ϕi and the modularity terms in Eqs. (13) and (18) will
always attenuate ϕi.

Fig. 2 shows the relationship between δth and ηthwhere the units are
% efficiency. The highest ηth of 15% corresponds to a δth of 2.18% (which
is 15% of ηth), and the lowest ηth of 6.2% corresponds to a δth of 0.76%
(which is 12% of ηth). Interestingly, δth has an upward linear correlation
with ηth with an intercept at the origin. The reason for the linear corre-
lation is outlined in the Discussion section. It should also be noted that
there is no cookstove configuration involving a skirt that has a thermal
efficiency below 11%. All cookstoves with skirts showed ηth ranging
from 11.7% to 14.6%. Of the tests with a cookstove configuration lacking
a skirt, there is one (grate only) with ηth of 15%. This point has been de-
termined to be an outlier (it is well outside the 99% confidence interval
of the other values). However, this outlier is still consistent with the
linear relationship. None of the other tests without a skirt reached a
ηth greater than 10.3%. The ηth for both configurations with a skirt
were significantly greater (99% confidence) than the configurations
without a skirt. The average efficiencies (standard deviation) for the
basic, skirt, grate, and both configurations were 8.9% (1.8%), 12.8%
(0.8%), 8.6% (1.5%), and 13% (1.4%) respectively. This again shows that
the skirt is critical to increasing the thermal efficiency by ensuring that
more of the thermal energy released by the fuel is transferred to the
water in the pot. This is consistent with the findings in Table 1 where
less wood was used with a skirt.
Fig. 2. Propagated Maximum Error (δth) vs. ηth. Both axes are in units of % efficiency. The squar
with a grate added, the cookstove with a skirt added, and the cookstove with both a grate and
Fig. 3 shows fi for the top four parameters contributing to δth for each
cookstove configuration. Each bar represents the average fi for all stud-
ies involving a given cookstove configuration, with the error bars
representing one standard deviation. Interestingly, the average fi associ-
ated with LHVwood was around 0.44 (44%) for all configurations. Thus, a
more accurate value of LHVwood would reduce δth. The average fi for ΔT
was near 0.10 (10%) for all cookstove configurations. The average fi for
MC was near 0.26 (26%) and the average fi for LHVc was around 0.14
(14%) for all cookstove configurations. For each cookstove configura-
tion, the top four parameters accounted for approximately 93% of δth.

It is interesting to note that for each cookstove configuration, the fi
values appear to be independent of the cookstove configuration. Based
on the four parameters contributing the most to δth, the independence
is expected since LHVwood and LHVc are based on literature values and
ΔT and MC are controlled variables. Also of interest is that when fi for
ΔT increases or decreases, the fi contribution for LHVc changes in the op-
posite direction. In general, more accurate LHV values, thermocouples,
and moisture analysis than was used in this study would be beneficial.

Fig. 4 shows σth versus ηth for all studies (diamonds) where a linear
correlation is again observed. Regression results in σth = 0.029 ∗ ηth
with an R2 value of 0.96. The 95% confidence interval of the linear fit
(dotted lines) is also shown. The confidence interval demonstrates a
very tight fit around the line such that the line is a very accurate repre-
sentation of σth versus ηth for this study.

In cookstove studies, the standard deviation associated with a group
of experiments is often reported. The difficulty of only reporting the
standard deviation is that it does not necessarily include all uncer-
tainties (a differing LHV value based on different literature sources, for
instance, would result in a bias in the observed values that could not
be accounted for with a simple standard deviation of the data) although
it does include error associated with testing conditions that are not
explicitly included in the calculation of σth. Testing conditions would
include parameters such as wind speed, ambient temperature, atmo-
spheric pressure, and relative humidity,whichwould require further in-
vestigation as to their effects. Thus, comparison of σth using propagation
of uncertainties in measurements and input data with the uncertainty
calculated using the standard deviations of the results of a group of ex-
periments is informative. Therefore, Fig. 5 includes the average ηth and
associated standard deviation (symbols) of the group of experiments
for each cookstove configurationwith a line representing the regression
curve from Fig. 4. The average ηth (andσ) for the basic stove, skirt, grate,
and both grate and skirt configurations were 8.9 (±1.8), 12.8 (±0.8),
9.7 (±2.9), and 13 (±1.4) % respectively. The line was extrapolated to
40% assuming that the linear relationship between σth and ηth was still
es, triangles, circles, and diamonds represent data from the basic cookstove, the cookstove
a skirt added, respectively.

Image of Fig. 2


Fig. 3. Fraction contribution to uncertainty (fi). The figure shows fi (Eq. (10)) for the top four most contributing parameters in Eqs. (1)–(5) The solid, slanted lined, circle filled, and empty
columns represent data from the basic cookstove, the cookstove with a grate added, the cookstove with a skirt added, and the cookstove with both a grate and a skirt added, respectively.
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valid over this extended range. Based on the four parameters above that
contribute the most to the propagated uncertainty, the assumption of
linearity over this range is likely valid if the same equipment were
used in all experiments. Further validation of the linearity is discussed
below. Additionally, the extremely consistent data and tight confidence
interval shown in Fig. 4 suggest that this extrapolation is also valid.

As can be seen in Fig. 5, the averaged results for each cookstove
configuration give a higher standard deviation than can be accounted
for by just σth. This result clearly indicates that in the low ηth range,
standard deviations associated with ηth are dominated by variability
in ambient conditions (e.g. wind speed, humidity) and testing proce-
dures (e.g. method and rate of feeding wood, using unprocessed versus
processed fuels) that are not directly part of the efficiency equation and
are muchmore difficult to control. However, measurement uncertainty
can potentially become more important as ηth increases as shown in
Fig. 5. Thus, it would be beneficial when comparing cookstoves to ad-
dress the contributions of measurement and input data uncertainties.
In some instances, measurement uncertainty (e.g. temperature and
percent moisture) can depend upon the equipment used. In contrast,
literature data uncertainty due to the LHV values depends upon the
Fig. 4. Propagated standard deviation (σth) vs. ηth. Both axes are in units of % efficiency. The da
A 95% confidence interval of the linear fit is also shown as a dotted line.
literature value used and the associated uncertainty of the value. Thus,
cookstove results should report all input data (e.g. LHVwood).

Discussion

Analyzing themodulation factors in Eqs. (12)–(18) leads to some in-
sight into the behavior of the uncertainty associated with these param-
eters. For example, Eq. (12) indicates that decreasing the moisture
content (MC) of thewoodwill increase the denominator of themodula-
tion factor and therefore reduce the LHVwood contribution to δth. A low
ratio of charcoal produced to fuel burned (mc/fcm) will also reduce the
LHVwood contribution to δth, though this is a characteristic of the stove
and cannot be changed through changes in the protocol. Wood with
higher LHVwood will also lead to lower uncertainty. Thus, studies using
dry, hard woods will generally experience less uncertainty than studies
usingmore moist woods and/or soft woods. However, it is important to
usewood that is appropriate for the stove design and to know how that
will affect uncertainty.

Interestingly, Eq. (13) shows that bringing the ratio ofΔmw tomwi to
its maximum value of unity would be the protocol change that would
ta for all cookstove configurations is shown as diamonds, with a solid trendline for the fit.

Image of &INS id=
Image of Fig. 4


Fig. 5. Standard deviation (σ) vs. ηth. Both axes are in units of % efficiency. The unfilled squares, triangles, circles, and diamonds represent standard deviations associatedwith each group of
experiments for the basic cookstove, the cookstove with a grate added, the cookstovewith a skirt added, and the cookstovewith both a grate and a skirt added, respectively. The solid line
represents the propagated standard deviation regressed from Fig. 4 and is extended to 40% efficiency.
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most reduce the uncertainty contribution from ΔT. This is unrealistic
since boiling to completion takes a significant amount of time. If 15%
of the water boiled (Δmwater/mwater,i =0.15), theΔT uncertainty contri-
bution would be 50% of the contribution compared to when no water
is boiled, and if 50% of thewater is boiled, the contribution of the uncer-
tainty inΔT decreases to 29%. This calculationwas based on aΔT of 80 K,
which is a typical value for cookstove tests. However, implementing this
strategy for reducing the uncertainty in ηthwould dramatically increase
the time required to perform a test which would likely not be practical.
Additionally, a higher ΔT also leads to a lower contribution such that
starting with a colder water and approaching boiling could be another
option for reducing the uncertainty contribution from ΔT. However,
there are physical limitations since ΔT is bound by realistic operating
conditions between ambient temperature and boiling. It is therefore,
best to control the uncertainty due to temperature measurements by
either calibrating thermocouples or using more accurate devices to
measure temperature such as an RTD.

Eqs. (14)–(17) also indicate that low MC and low mc/fcm will mini-
mize the contribution of the uncertainty in MC and LHVc to the uncer-
tainty in ηth. Thus, similar to the findings in Eq. (12), dry wood would
be the best to use to reduce measurement uncertainty. However, dry
wood is often not found in the field and some stoves do not perform
as well with dry wood. In situations where moist wood is needed, it
would be important to pay more particular attention to minimizing
measurement uncertainty of moisture content. Additionally, minimiz-
ing the formation of charcoal by increasing airflowwould be beneficial.

Eq. (18) shows similar design guidelines found in Eq. (13). For in-
stance, a large ΔT can help mitigate the uncertainty associated with
Δmwater. However, Eq. (18) is not affected by the ratio of mwater,i to
Δmwater, but rather is affected individually by mwater,i and Δmwater. Both
a large mwater,i and Δmwater will mitigate this uncertainty. This would
imply using the largest amount of water and boiling it to completion.
However, using a large amount of water may decrease the relevancy
of the results as the stove should be tested under conditions as similar
to field use as possible. Considering that fi of Δmwater is very small
(and therefore ϕΔmwater is very small) and the possibility of less useful
results this method of reducing uncertainty is not worth the time and
cost for most studies.

Another interesting result is that the summation of each ϕi ex-
plains the linearity of the uncertainty as shown in Figs. 2 and 4. In
Eqs. (12)–(18), all of the parameters in the modulation terms except
mc/fcm can be controlled and remain the same between experimental
studies, even if cookstove configurations change significantly as was
done in this study. Additionally,mc/fcm is usually less than 0.1. Focusing
on the four most significant parameters (Eqs. (12)–(15)) shown in
Fig. 3, since fi for each parameterwas constant, then theϕiwas also con-
stant according to Eq. (10). Therefore, Eq. (9) shows that ratio of δth/ηth
is constant which is consistent with Fig. 2.

Similarly, Eq. (11) also shows then that ratio of σth/ηth is constant
which is consistent with Fig. 4.

It should be noted that the actual values of the contributions re-
ported in this study are specific to this set of experimental parameters,
equipment, and testing protocols. However, Eqs. (12)–(18) can be read-
ily used in any cookstove study that uses the same definition for ηth
to calculate δth, fi, and σth associated with measurement and input
data at any given ηth.

Conclusions

This study showed how to quickly determine propagated values of
δth and σth, as well fi, from a given ηth based on uncertainties associated
with measured and input data associated with the efficiency equation.
This allows for an understanding of how significant δth and σth are in
comparison to ηth. Additionally, this analysis is important because it
helps assess how these values can compare to population standard de-
viations for a set of experiments and provides some guidance as to the
importance of measurement and input value uncertainties. As shown,
δth becomes increasingly important as ηth increases. Thus, rigorous as-
sessment of the relative impact of all measured and input parameters
on cookstove performance metrics, such as ηth, is critical. In addition,
the fractional contribution (fi) of each parameter to δth indicates which
parameters are important to focus on for reducing measurement and
input value uncertainties. For this study LHVwater, LHVch, ΔT, and MC
were the critical parameters such that more accurate LHV values, ther-
mocouples, and moisture analysis would be beneficial. It should also
be noted that, while not part of this study, the effects of error in separat-
ing wood and char values can be very important. These effects can be
found in Taylor's work, where it was suggested that it is better to err
on the side of counting char as fuel rather than the other way around
(Taylor, 2009).

Another valuable aspect of this study is that it provided guidance on
experimental procedures tominimizemeasurement and input data un-
certainty contributions to ηth. The results of this study indicate that re-
ducing the moisture content of the wood, reducing the ratio of the
mass of the char to the mass of wood, using wood with a large heating
value, boiling off a reasonable fraction of the water (e.g. 15%) in the

Image of Fig. 5


61C.M. Quist et al. / Energy for Sustainable Development 34 (2016) 54–61
pot, and starting with relatively cold water will reduce the uncertainty
in the measured thermal efficiency. However, these recommendations
may have large costs associated with them (e.g. time to boil water),
may have physical limitations (e.g.ΔT is bound by the freezing and boil-
ing temperatures), and/or may be limited by the operational guidelines
of the cookstove (e.g. moisture content, fuel type).

On the other hand, the δi associated with each parameter xi is much
easier to decrease. For LHV values, as previously stated it may not be
possible to significantly reduce the uncertainty in wood LHV values
when using cutwood unless amore processed fuel such aswood pellets
is used. However, the LHV of the char may be significantly easier to
estimate as the char can be easily ground into a powder and eithermea-
sured by bomb calorimetry or estimated through various means (e.g.
by analyzing the chemical makeup of the char and Thornton's rule or
proximate analysis). By comparison with LHV values, thermocouples
are much easier to improve through calibration. TheWBT protocol sug-
gests a minimum accuracy of ±0.5 °C, which improves the uncertainty
from thermocouples compared to uncalibrated thermocouples which
can be on the order of ±2.0 °C based on manufacturer specifications.
Another important observation is that moisture content (MC) can be
much more accurately obtained through the oven-drying method,
which suggests that the moisture meter may not be the optimal choice
although the meter is much simpler and quicker to use.

It should be noted that the above conclusions address issues
associated with parameters directly expressed in the ηth definition
(Eqs. (1)–(5)). The above method can be applied to any study to assess
the impact ofmeasurement uncertainty using reasonable values for that
study. It is important to characterize and report measurement uncer-
tainty associated with the parameters to provide insights on which
measurements contribute the greatest amount to uncertainty and the
degree to which measurement error contributes to overall uncertainty
which also includes effects of indirect parameters (such as shape of
fuel, wind speed, humidity). Particularly, reporting the LHV value and
its associated uncertainty is highly valuable. Finally, it is beneficial that
all literature data and test conditions be reported to enable better com-
parisons between cookstoves.
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