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ABSTRACT: The energy performance and emissions (carbon
monoxide and total suspended particulate matter) of a biomass
gasification-based cookstove under a modified water boiling test
(WBT 4.2.3 protocol) were characterized here. The controllable
process parameters analyzed were the biomass bulk density
(pelletsWP and chipsWCH) and the combustion-air/gas-
ification-air ratio (2.8, 3.0, and 3.2). Moreover, a design parameter
of the cookstove was analyzed through two combustion chamber
designs (combustion chambers 1 and 2). The cookstove was
characterized in detail considering the complete cookstove
(control volume 1), the combustion chamber (control volume
2), and the gasification process (control volume 3). The cookstove
reached an average efficiency of 25.2% for pellets and 24.1% for
chips. The best behavior for the cookstove was achieved when pellets were used, which is attributed to their higher bulk density and
to the fact that during their gasification process, the biochar yield was 12% higher, while the biomass consumption decreased by 16%
compared to the chips. The carbon monoxide specific emissions were 2.78 g/MJd for pellets and 2.75 g/MJd for chips. On average,
the cookstove released total suspended particulate matter between 74.11 and 122.70 mg/MJd. The cookstove low emissions are
ascribed to the proper combustion air flow and the combustion chamber design, which favored the mixing between producer gas and
combustion air.

1. INTRODUCTION
According to the World Health Organization (WHO), about
40% of the world population cook and heat their homes with
open systems using biomass or carbon1 due to the low cost and
availability associated with these fuels.2 In vulnerable
communities of developing countries, these low-efficiency
cookstoves are dominant while, simultaneously, affecting
negatively the environment and quality of life and health of
children, women, and the elderly, who usually spend more time
at home and, consequently, are in contact with the stove
combustion products.3,4 Indoor air quality (IAQ) presents a
risk factor for the health of people;5 according to the WHO,
every year more than 4 million people globally die due to
diseases linked to pollution of indoor air in homes because of
the use of solid fuels for cooking in traditional and inefficient
systems.6

In Colombia, between 15 and 20% of the population use
firewood as the main fuel source for cooking; that is, ∼1.6
million homes use firewood daily to cook their food.7 Cooking
activities are usually performed in traditional three-stone fire
(TSF) cookstoves,8 which show low energy efficiencies
(between 5 and 13%), higher fuel consumption, as well as
higher pollutant emissions.9 In Colombia, diseases such as
ischemic heart disease, stroke, acute breathing infections,
chronic obstructive pulmonary disease (COPD), and cataracts

are attributed to bad IAQ. In 2016, the total number of deaths
in the country caused by the environmental load was of
∼17,600, 13% of which was attributed to the ischemic heart
disease and 17.6% resulted from COPD,10 both diseases could
be caused by exposition to emissions produced by traditional
biomass cookstoves. Economical expenses to the country that
can be attributed to these factors of environmental risk rose to
(in US$ millions) US$ 83.3 for ischemic heart disease, US$
32.7 for stroke, US$ 22 for lower-tract acute breathing
infection, US$ 7.0 for lung cancer, and US$ 5.8 for COPD.10

Among the solution alternatives assessed by Colombia to
reduce bad IAQ, the substitution of firewood in rural regions
for liquid petroleum gas (LPG) can be named. However, this
has not been possible due to the territorial expanse and the
difficult access to isolated areas.11 Additionally, costs by
government subsidies for substituting firewood for LPG or
electrical energy would rise to ∼4170 US$ million (∼1.2% of
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Colombia GDP for 2019) in a program with a scope until
2050.12 Thus, the biomass will continue being the main energy
resource at isolated areas.13 As a consequence, it is necessary to
bring up different alternatives aimed at using in a more efficient
way the biomass. In this regard, the development of efficient
cookstoves with a lower biomass consumption and lower
pollutant emissions (carbon monoxideCO and particulate
matterPM) is highlighted. The Ministry of Environment and
Sustainable Development has created the National Program of
Efficient Stoves for Firewood Cooking, which aims at setting
up a million of efficient stoves in Colombia by 2030.14

Nevertheless, efficiency of the improved set up cookstoves are
below 10−18%.8,15 Therefore, minimum performance specifi-
cations have been defined for biomass-cooking systems by
NTC 6358 standard of 2019.16

The development and implementation of advanced biomass
cookstoves are explored and promoted, the cookstoves are
based on gasification with a subsequent combustion of the
producer gas. The adaptation of the gasification process at a
lower scale (<20 kWth) for biomass cookstoves, whose
efficiency might be ≥25%, is a useful application of sources
of renewable energy to the everyday context.17 The main
product of the gasification-based or top-lit updraft (TLUD)
cookstoves is the fuel gas,18 whose thermochemical process is
conducted similarly to the downdraft reactors.19 This solid−
gas conversion process can be thermodynamically character-
ized by the use of parameters such as the flame front velocity,
biomass/air equivalence ratio, process temperature, composi-
tion, and heating value of the producer gas, as well as the
gasification efficiency (cold gas efficiency), among others.20

Generally, TLUD forced-draft stoves use fans to supply air for
biomass gasification (gasification air or primary air), and
producer gas combustion air (combustion air or secondary
air). The aim is to generate a two-stage combustion process,
reducing the pollutants released into the environment, due to a
cleaner combustion when compared to TSF cookstoves.21−23

There are several international protocols for testing biomass
cookstoves, which allow a comparison between different stove
designs under different operation conditions.24−27 Through the
water boiling test (WBT), energy efficiency, fuel consumption,
and specific pollutant emissions (CO and PM) could be
determined in terms of operating parameters in the
laboratory.28 The efficiency of the gasification-based cook-
stoves varies with the design, air supply mode, and operating
conditions, among other factors.29 Considering the difference
between natural and forced draft for TLUD cookstoves, Suresh
et al.30 reported efficiencies between 16 and 27% and from 30
to 35% for natural and forced draft cookstoves, respectively.
Some TLUD cookstove designs have reached WBT efficiencies
between 30 and 38%.31 Besides, efficiencies around 42%, CO
emissions of ∼0.6 g/MJd, and PM of ∼48 mg/MJd (stoves Tier
4) have been reported.32 Sonarkar and Chaurasia26 evaluated
coconut shell, wood chips, and pellets as fuels in natural and
forced draft cookstoves; the forced-draft cookstove, operating
with wood pellets, reached the highest efficiency (∼43%).
Tryner et al.33 found that the hydrogen (H2) content in the

producer gas increased by 103% by using pellets concerning
wood chips. This is attributed to higher temperatures and a
longer residence time during pellet gasification, which favored
a higher conversion of tars in light gases. Similar results were
reported by Hanping et al.,34 who noted that at a higher
gasification temperature (800 °C), the gas energy content
increased. With regard to the biomass moisture content,

Bhattacharya et al.35 reported a reduction of ∼43% in the
efficiency of a stove with an increase in the moisture content
from 10 to 25%. Nevertheless, Van Zyl et al.36 found that the
specific emissions of CO and PM2.5 increased by 84% and by
149%, respectively, when the biomass moisture is increased
from 5 to 25%. However, a contrary trend was reported by
Huangfu et al.,37 where CO emissions decreased by ∼39% with
the increase in the fuel moisture content.
Some improved biomass cookstoves can operate at Tier 3 or

4 levels, matching low pollutant emissions as the gas and liquid
fuels cookstoves.9 CO emissions of TLUD cookstoves are
reduced due to the oxidation reaction with the secondary or
combustion air.38 The producer gas combustion in the
combustion chamber of a TLUD cookstove must be in
conditions close to the stoichiometry, aiming at increasing the
efficiency and reducing pollutant emissions.39 Mehta and
Richards40 found that combustion-air/gasification-air ratios
higher than 4.0 do not have a significant effect on CO
emissions, while a rise in the gasification-air flow from 24 to 33
L/min reduces CO emissions by ∼50%, with a combustion-
air/gasification-air ratio of 2.0.
In turn, PM emissions from gasification-based cookstoves

were reduced by 90% compared to TSF cookstoves.29,41

Cookstoves operating at higher temperatures, such as cook-
stoves with compact designs, release a lower amount of
PM.42,43 Natural-draft cookstoves release ∼473 mg/L, while
the forced-draft ones reach ∼5.4 mg/L.44 Suresh et al.30 found
reductions between 21 and 57% of PM2.5 emissions for TLUD
forced-draft cookstoves compared to traditional cookstoves.
Arora et al.45 also reported a reduction between 39 and 47% of
PM emissions by using a forced-draft cookstove with regard to
a TSF cookstove. Carter et al.22 informed that PM2.5 emissions
varied between 120 and 430 mg/MJd for four Chinese
cookstoves. Gupta et al.46 reported PM2.5 emissions from 83
to 290 mg/MJd for a natural-draft cookstove. In turn,
Kshirsagar and Kalamkar47 developed a hybrid-draft thermally
isolated cookstove with ceramic fiber, reaching PM2.5 emissions
of 34.67 mg/MJd. It is highlighted that gasification-based
cookstoves can reduce PM emissions by ∼50%, when
compared to cookstoves of previous generations such as the
rocket stove.48 Other works have evaluated the total suspended
particulate matter,25,49,50 which corresponds to PM in the
entire range of particle size released by the gasification
cookstoves. Kaur-Sidhu et al.51 reported total suspended
particulate matter emissions in the range comprised from
0.86 to 1.67 mg/m3 in improved cookstoves operating with
three types of biomass, compared with 0.31 and 0.57 mg/m3

for the LPG and kerosene, respectively.
In this work, the performance of a gasification-based

cookstove is assessed in terms of the following: (a) process
controllable parameters (e.g., biomass bulk density and
combustion-air/gasification-air ratios), (b) gasification con-
dition of two types of biomass, including chips and pellets, and
(c) design parameters of the cookstove through two
combustion chambers. Furthermore, the gasification-based
biomass cookstove is divided and characterized considering
three control volumes (the cookstove, the combustion
chamber, and the gasification process). The gasification
process of biomass in a fixed bed, whose thermochemical
solid−gas conversion process is one of the main steps in the
TLUD cookstove, is characterized and its assessment in this
type of cookstoves is scarce.33 According to the literature
reported, these parameters have not been studied in a coupled
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method, which supposes a contribution to the phenomeno-
logical understanding and to the development of advanced
biomass cookstoves.30

2. RESULTS AND DISCUSSION
2.1. Control Volume 1 (CV1): Gasification-Based

Cookstove. The gasification-based cookstove is characterized
both energetically and environmentally under a modified WBT
4.2.3 protocol, through the analysis of the control volume 1.
The study was carried out in two sections: (1) assessment of
the experimental factors and their levels during stage 1 (S1) of
the modified WBT 4.2.3 protocol (WBT-S1) with both
starting methods, cold start (CS) and hot startHS (cold
start stage 1CS.S1, and hot start stage 1HS.S1),47,52 and
(2) assessment of the factors and their levels thoroughly
following the modified WBT 4.2.3 protocol (CS.S1, cold start
stage 2CS.S2, HS.S1, and hot start stage 2HS.S2) for
determining the specific emissions of total suspended particle
matter with pellets.
2.1.1. Biomass Density, Combustion-Air/Gasification-Air

(CA/GA) Ratio, and Combustion Chamber of the Producer
Gas (CCG) under WBT-S1. 2.1.1.1. Energy Performance.
Figure 1 shows the energy parameters such as thermal
efficiency (η, %), and the specific energy consumption per
unit time (SFCT, kJ/L min) of the gasification-based
cookstove under cold startstage 1 and hot startstage 1,
as a function of the experimental factors and their levels:
biomass bulk density (2 levels, pellets560 kg/m3 and
chips151 kg/m3), combustion-air/gasification-air ratio (3
levels, 2.8, 3.0, and 3.2), and combustion chamber design (2
levels, combustion chambers 1 and 2). The legends of the
result figures show the response variables parameterized with

the following code combustion chambercombustion-air/
gasification-air, indicating the combustion chamber design and
the combustion air-gasification air ratio linked to each result. In
Figure 2, the statistical significance through the Pareto chart

with a confidence level of 95% for each response variable
analyzed through this experiment design (Section S3.1,
Supporting Information) is depicted.
Thermal Ef f iciency (η, %): According to the Analysis of

Variance (ANOVA), the biomass density has a statistically
significant effect on the efficiency (Figure 2). The average
efficiency with pellets was 25.21, ∼5% higher compared to the
average efficiency reached with chips, whose value was 24.1%
(Figure 1a). The higher efficiency reached with pellets is

Figure 1. Energy parameters of the gasification-based cookstove in WBT-S1 under cold and hot starts [cold startstage 1 (CS.S1) and hot start
stage 1 (HS.S1)]. (a) Efficiencyη (%), and (b) specific energy consumption per unit timeSFCT (kJ/L·min).

Figure 2. Pareto chart: effect of the biomass density, combustion-air/
gasification-air (CA/GA) ratio, combustion chamber (CCG) design,
and start type on the energy parameters of the gasification-based
cookstove under cold startstage 1 and hot startstage 1.
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ascribed to two aspects. First, the biochar mass yieldYbiochar
(eq S8), which was 12% higher for the pellets in comparison to
the chips, with average values of 12.12 and 10.82%,
respectively. Second, the biomass consumption rate (ṁbms,
kg/h·m2), which was ∼16% higher for the chips. The higher
biochar mass yield and lower biomass consumption rate of the
pellets were reached due to their bulk density, which is 3.7
higher than that of the chips,53,54 as it is explained in the
control volume 3 (Section 2.3). As the biomass-packing factor
increases, the radiative heat transfer penetration in the solid
phase decreases,55 thus generating a lower biomass con-
sumption and a higher biochar yield for the pellets.19,56

Therefore, the energy supplied by the biomass to boil the
water decreases (eq S11), and consequently, the efficiency
increases (eq S12). It is worth noting that the efficiency of the
TLUD cookstove analyzed in this study was 80 and 72%
superior with pellets and chips, respectively, compared to TSF
cookstoves with thermal efficiencies of ∼14%.46,57 Besides, by
contrasting the efficiency of the TLUD cookstove with other
improved cookstoves, it is concluded that the thermal
efficiencies reached herein are comparable with gasification
cookstoves whose efficiencies ranged between 23 and
28.8%.46,58

The combustion-air/gasification-air ratio does not have a
statistically significant effect on the efficiency (Figure 2). This
is attributed to the fact that the conditions of the combustion-
air flow (408.8, 438.0, and 467.2 L/min for the combustion-
air/gasification-air ratios 2.8, 3.0, and 3.2, respectively) are
similar. In Supporting Information S4, CFD simulation of the
combustion air through the combustion chambers is shown. As
a consequence, the energy and the environmental parameters
of the gasification-based cookstove do not vary significantly as
a function of the combustion-air/gasification-air factor with the
ratios assessed in this work. It is highlighted that the
combustion air flow velocities are adequate because the
combustion flame was not extinguished during the producer
gas oxidation. Caubel et al.52 stated that a higher velocity of
combustion air injection (secondary air) improves the
performance of the cookstove; however, an excessive
combustion air flow might cause the flame extinction.
The design of the combustion chamber of the producer gas

was the factor with the highest effect on efficiency (Figure 2).
The efficiency of the cookstove working with pellets and
combustion chamber 1 in the cold startstage 1 was 25.15%,
compared to 23.84% for combustion chamber 2 (Figure 1a). A
similar behavior was found comparing combustion chamber 1
(26.94%) and combustion chamber 2 (24.90%) in the hot
startstage 1 with pellets, originating an efficiency of 8.2%
higher for combustion chamber 1. For the chips, a similar trend
was observed for efficiency, although the differences are higher
between the combustion chambers (Figure 1a). For the cold
startstage 1, the efficiency of the cookstove was 26.76% with
combustion chamber 1, while combustion chamber 2 reached
23.15%. This indicates that the combustion chamber 1 reached
an efficiency of 16% higher. In the hot startstage 1 with
chips, the efficiency values were 24.93 and 21.56% for the
combustion chambers 1 and 2, respectively. This means an
efficiency of 15.6% higher for the combustion chamber 1. The
highest efficiency reached for the TLUD cookstove with the
combustion chamber 1 is attributed to its higher levels of
turbulence (see Section 2.2). The higher turbulence level at the
exit of the combustion air in the combustion chamber 1 led to
an increase in the residence time of the producer gas in the

combustion zone, while oxygen is supplied directly to the rich-
fuel regions. Thereby, a more complete oxidation of the
producer gas is promoted, and consequently, the efficiency
increases.52

In this particular case, the type of start did not have a
statistically significant effect on the efficiency (Figure 2). The
efficiency with pellets under cold startstage 1 was 24.49%
and under the hot startstage 1 was 25.92% (Figure 1a),
indicating an increase of 6% moving from cold startstage 1
to hot startstage 1. In contrast, for the chips, the efficiency
decreased by 7% by going from 24.96% in cold startstage 1
to 23.25% in hot startstage 1 (Figure 1a). The higher value
of efficiency reached with the pellets in hot startstage 1 is
related to the gasification process. The gasification of the
pellets under hot start promotes the production of fuel gaseous
species (CO and methane −CH4) for the higher biomass
burning velocity (Vb, mm/min) and fuel/air equivalence ratio
(Frg), see analysis of the control volume 3 (Section 2.3). For
the pellets under the hot startstage 1, the heating value of
the producer gas (LHVpg) and the biomass consumption rate
increased by 17 and 18%, respectively. While, for the chips
under hot startstage 1, the heating value of the producer gas
increased by ∼6%, but the biomass consumption rate increased
by ∼22%, which led to a lower efficiency in the hot start
stage 1.
Specif ic Energy Consumption Per Unit Time (SFCT, kJ/L·

min): the biomass density statistically affects the specific energy
consumption per unit time (Figure 2). The average specific
energy consumption per unit time value for pellets was 172.71
kJ/L·min, while the cookstove fed with chips reached 218.04
kJ/L·min (Figure 1b). This means a specific energy
consumption per unit time 21% higher for the chips. This
result is a consequence of a lower specific energy consumption
(Section S5, Supporting Information) and a higher duration
time of the test (ttest, s) reached for the pellets (eq S14). The
difference in the test time between the pellets and the chips
was ∼18%, with values of 544 and 462 s, respectively. This
result, as it is analyzed in Section 2.3, is attributed to a
biomass/air equivalence ratio (Frg) ∼22% higher for the chips
compared to the pellets. The high biomass/air equivalence
ratio of the chips is due to a higher reaction velocity and a
higher biomass consumption rate. Furthermore, the specific
energy consumption per unit time is lower for biomasses with a
higher ash content due to a lower oxidant-fuel contact.55 In
this work, the ash content of the pellets is ∼4 times higher than
that of the chips (Table 1). The specific energy consumption
per unit time of the gasification-based cookstove characterized
in this work is similar to what was reported by Osei et al., with
values ∼170 kJ/L·min.31

The design of the combustion chambers has a significant
effect on specific energy consumption per unit time (Figure 2).
The cookstove specific energy consumption per unit time, fed
with pellets under cold startstage 1, reached values of 172.56
kJ/L·min with combustion chamber 1 and 177.78 kJ/L·min
with combustion chamber 2 (Figure 1b), leading to a specific
energy consumption per unit time 3% higher with combustion
chamber 2. Under the hot startstage 1 with pellets, the
cookstove reached a specific energy consumption per unit time
of 168.96 kJ/L·min with combustion chamber 1 and 172.55
kJ/L·min with combustion chamber 2. The specific energy
consumption per unit time was 3% higher for combustion
chamber 2. Additionally, the specific energy consumption per
unit time of the TLUD cookstove with chips under cold
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startstage 1 was 185.33 kJ/L·min with combustion chamber
1 and 204.84 kJ/·min with combustion chamber 2, which
means that the specific energy consumption per unit time is
10% higher with combustion chamber 2. While for chips under
the hot startstage 1, specific energy consumption per unit
time was 224.64 kJ/L·min with combustion chamber 1 and
257.33 kJ/L·min with combustion chamber 2 (13% higher
with combustion chamber 2). This behavior is due to the less
favorable combustion conditions with combustion chamber 2
because of the geometric configuration and dimensions of the
grooves,52 as it was analyzed in the specific energy
consumption (Section S5, Supporting Information).
The start type has a statistically significant effect on the

specific energy consumption per unit time (Figure 2). The
pellets reached a specific energy consumption per unit time of
175.17 kJ/L·min under the cold startstage 1 and 170.25 kJ/
L·min under hot startstage 1 (Figure 1b). This results in a
decrease of 3% in the specific energy consumption per unit
time for the hot startstage 1. Concerning the chips, the
specific energy consumption per unit time increased by 19%
from cold startstage 1 to hot startstage 1, with values of
195.08 and 240.99 kJ/L·min, respectively. With the cookstove

fed with pellets, the time elapsed during the test from cold
startstage 1 (550 s) to hot startstage 1 (538 s) decreased
by 2%. This caused a mild change in the specific energy
consumption per unit time when going from cold startstage
1 to hot startstage 1 (3%). In the cold startstage 1, a
fraction of the biomass energy is used for heating the metallic
body of the cookstove. Meanwhile, in the hot startstage 1,
the heat transfer to the reactor wall decreases, favoring that the
specific energy consumption per unit time decreases in the hot
startstage 1.46 The increase in the specific energy
consumption per unit time found for the chips under hot
startstage 1 is a consequence of the reduction in the test
time (∼15%), which ranged from 497 s in cold startstage 1
to 434 s under hot startstage 1. The test time reduction is
due to the higher biomass consumption rate for the chips
because of their lower bulk density and by the TLUD
cookstove preheating.

2.1.1.2. Specific Emissions of Carbon Monoxide and Total
Suspended Particulate Matter. Carbon Monoxide Specif ic
Emissions (g/MJd): Figure 3 shows the carbon monoxide
specific emissions (EFCO) of the gasification-based cookstove
as a function of the experimental factors (Section S3.1,
Supporting Information). In turn, in Figure 4, the ANOVA
results through the Pareto chart for the specific emissions of
CO with a 95% confidence level are represented.

The factor that affects the specific emissions of CO in a
statistically significant mode is the type of start in the WBT

Table 1. Physicochemical and Energy Properties of the
Biomass Samples (Pellets and Chips)

biomasses

property standard pellets chips

Ultimate Analysis d.a.f. (wt %)
C ASTM D5378-08 46.83 47.38
H ASTM D5378-08 5.67 6.08
O by difference 47.48 46.38
N ASTM D5378-08 0.02 0.16

Proximate Analysis d.b. (wt %)
volatile material ASTM D5142-04 84.64 83.83
fixed carbon by difference 14.09 15.85
ash content ASTM D5142-04 1.27 0.32
moisture content (wt %) ASTM D5142-04 7.91 11.12

Physical Properties
bulk density (kg/m3) 559.97 151.29
particle density (kg/m3) 1153.62 416.24
packing factor (-) 0.48 0.36
particle sphericity (-) 0.87 0.7

Energy Properties
HHV (MJ/kg) ASTM E144-14 20.36 18.34
LHV (MJ/kg) calculated 19.03 16.85

Figure 3. Specific emissions of COEFCO (g/MJd) of the gasification-based cookstove in the stage 1 of cold and hot starts [cold startstage 1
(CS.S1) and hot startstage 1 (HS.S1)].

Figure 4. Pareto chart: effect of the biomass density, combustion-air/
gasification-air ratio (CA/GA), combustion chamber (CCG) design,
and start type (cold and hot) on the specific emissions of COEFCO
(g/MJd) of the gasification-based cookstove.
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protocol, while the biomass density, the combustion-air/
gasification-air ratio, and the combustion chamber design do
not statistically affect the CO emissions (Figure 4).
Considering the biomass density, the average specific
emissions of CO of the TLUD cookstove with pellets was
2.78 g/MJd, while the chips reached an average value of 2.75 g/
MJd (Figure 3). The slight variation of the specific emissions of
CO between pellets and chips is because both biomasses
correspond to the same forest species, and thus, their chemical
composition of these fuels is similar. Therefore, the specific
emissions of CO was similar.54 Nevertheless, the mild
difference of the specific emissions of CO between both
biomasses might be attributed to the fact that fuels with high
heating value tend to produce higher CO emissions.46 Here,
HHV of the pellets is 11% higher than that of the chips (Table
1). Compared to the TSF cookstoves, which use wood as fuel,
and whose specific emissions of CO was 15.7 g/MJd,

59,60 the
CO emissions for the gasification-based cookstove decrease by
∼82%. Besides, with respect to other gasification-based
cookstoves, the results concerning the specific emissions of
CO are consistent. Gupta et al.46 found CO emissions of 3.62
g/MJd for a gasification cookstove fed with wood. Osei et al.31

reported a CO emission factor of 55.77 g/kg, while the TLUD
cookstove in this work reached a CO emission factor of 52.90
and 46.34 g/kg for pellets and chips, respectively.
The combustion-air/gasification-air ratio does not have a

statistically significant effect on the specific emissions of CO
due to similar combustion air flow conditions when working
under the combustion-air/gasification-air ratios of 2.8, 3.0, and
3.2. This finding is similar to the one found by Tryner et al.,33

who reported a minimum in CO emissions for flow ratios of
secondary air/primary air between 3.0 and 4.0, highlighting
that higher secondary air velocities led to a better mixture
between secondary air and producer gas. Therefore, the
combustion efficiency increases because of the better mixture
conditions and, thus, CO emissions decrease.33,52

The cookstove specific emissions of CO, working with
pellets under cold startstage 1, reached values of 3.20 and
3.37 g/MJd for the combustion chambers 1 and 2, respectively
(Figure 3). This means that the specific emissions of CO
increased by 5% for combustion chamber 2. Under the hot
startstage 1, the cookstove working with pellets released
2.25 g/MJd of CO with combustion chamber 1 and 2.30 g/MJd
with combustion chamber 2 (2% increase with combustion
chamber 2). Concerning the chips, a more noticeable
difference was observed of the specific emissions of CO of
the cookstove as a function of the combustion chambers. The
specific emissions of CO of the cookstove under cold start
stage 1 was 2.81 g/MJd with combustion chamber 1 and 3.25
g/MJd with combustion chamber 2 (specific emissions of CO
was 14% higher with combustion chamber 2), see Figure 3.
Whereas under hot startstage 1, the specific emissions of CO
was 2.13 g/MJd with combustion chamber 1 and 2.81 g/MJd
with combustion chamber 2. That is equivalent to a 24%
increase in the specific emissions of CO for combustion
chamber 2. As it is analyzed in Section 2.2, the lower Reynolds
number (Re) of the combustion air in combustion chamber 2
inhibits the mixture between the combustion air and the
producer gas.47 This, in turn, leads to decrease the oxygen and
temperature in the combustion zone, and consequently, the
CO emissions increase.52,61

Finally, concerning the start type, the cookstove with pellets
reached specific emissions of CO values of 3.28 g/MJd under

cold startstage 1 and 2.27 g/MJd under hot startstage 1
(Figure 3), corresponding to a 45% reduction in the specific
emissions of CO from cold startstage 1 to hot startstage 1.
For the chips, the specific emissions of CO decreased by 23%
from cold startstage 1 to hot startstage 1, whose values
were 3.03 and 2.47 g/MJd, respectively. This behavior is a
consequence of the cookstove preheating in hot startstage 1,
which favored the gasification process leading to reach higher
temperatures of the producer gas. Thereby, the oxidation
reactions in the combustion zone are favored, while the CO
emissions diminish.62 Furthermore, another aspect that favors
a higher temperature in the oxidation zone of the producer gas
under hot startstage 1 is the higher CO and CH4
concentrations produced during the gasification process in
this stage. The higher CO and CH4 concentrations are related
to a higher quantity of energy and a higher oxidation
temperature (see Section 2.3).
It is highlighted that the reduction of the specific emissions

of CO achieved with gasification-based cookstoves might
contribute to achieve the pollutant emission levels established
by the WHO for IAQ. The specific emissions of CO that
achieve the WHO standards might be possible through a set of
variations in the cookstove design, and more specifically, with
the variation of the design of the combustion chamber.61

Specif ic Emissions of Total Suspended Particle MatterEFTSPM
(mg/MJd) with Pellets: The emissions of total suspended
particle matter of the TLUD cookstove using pellets as fuel are
shown in Figure 5. According to the ANOVA (Figure 6), the

only factor that has a statistically significant effect on the
specific emissions of total suspended particle matter is the start
time (cold start and hot start). The combustion-air/gas-
ification-air ratio and the combustion chamber design do not
statistically affect the specific emissions of the total suspended
particulate matter. In particular, the combustion chamber
factor in the cold start reached an average specific emissions of
total suspended particle matter of 67.5 mg/MJd with
combustion chamber 1 and 80.73 mg/MJd with combustion
chamber 2. This corresponds to ∼20% reduction of the total
suspended particulate matter emissions with combustion
chamber 1. Similarly, under the hot start, the specific emissions
of total suspended particle matter were ∼20% lower with
combustion chamber 1, with average values of 111.64 and
133.77 mg/MJd for combustion chamber 1 and combustion
chamber 2, respectively. According to Kshirsagar and
Kalamkar,47 the total suspended particulate matter specific

Figure 5. Specific emissions of total suspended particle matter
EFTSPM (mg/MJd) of the gasification-based cookstove with pellets as a
function of start type (cold start, hot start).
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emissions as a function of the combustion chamber decrease
with a higher turbulence in the combustion air flow because
the mixing between the producer gas and the combustion air is
improved. As it is analyzed in Section 2.2, the weighted
Reynolds number for combustion chamber 1 reached a value
∼11% higher than that of combustion chamber 2. Therefore,
the specific emissions of total suspended particle matter
decreases for combustion chamber 1 because this combustion
chamber fosters a better mixing between the producer gas and
combustion air.
The start factor had average values of 74.11 mg/MJd in cold

start and 122.70 mg/MJd in hot start, which accounts for 40%
fewer emissions of total suspended particulate matter in cold
start. The higher amount of total suspended particulate matter
released in the hot start is attributed to the higher biomass/air
equivalence ratio reached in the hot start (Section 2.3), which
promotes a higher concentration of tars in the producer gas,
whose species are precursors of particulate matter formation.63

Comparing the total suspended particulate matter emissions
of traditional cookstoves whose values ranged from 219 to 347
mg/MJd,

45,64 the TLUD cookstove studied herein reached
reductions between 65 and 80%. Furthermore, the values
obtained in the total suspended particulate matter emissions
are comparable to other improved cookstoves with wood as
fuel, whose values ranged from 105 to 207 mg/MJd.

4,45,46,50,64

2.2. Control Volume 2: Combustion Chamber. Energy
Efficiency. The control volume 2 is characterized by the energy
efficiency of the combustion chamber (ηCCG) as a function of
the controllable factors in the cookstove (Figure 7), such as
biomass density (560 kg/m3 for pellets and 151 kg/m3 for
chips), combustion-air/gasification-air ratio (2.8, 3.0, and 3.2),
the design of the combustion chamber (combustion chambers
1 and 2), and the start mode of the WBT protocol (cold start
and hot start). In Figure 8, the analysis of variance through the

Pareto chart is presented, showing the significance of the
analyzed factors on the energy efficiency of the combustion
chamber with a confidence level of 95%.
According to the ANOVA, the biomass density has a

statistically significant effect on the energy efficiency of the
combustion chamber (Figure 8). For the fuel type, it is worth
noting that the chips (151 kg/m3) reached an average value of
energy efficiency of the combustion chamber ∼53% higher
than that of the pellets (560 kg/m3), with average values of
43.84 and 28.61%, respectively (Figure 7a,b). The power
supplied to the water (Pw, kW) does not show a significant
difference when varying the biomass density because the
volume was set at 3 L (eq 2). Therefore, the result of the
energy efficiency of the combustion chamber is attributed to
the power of the producer gas (Ppg, kW). The power of the
producer gas of the chips was 4.97 kW, which is directly related
to the lower volumetric flow (V̇pg, N m3/h) and the heating

Figure 6. Pareto chart: effect of combustion-air/gasification-air ratio,
combustion chamber CCG, and start type on specific emissions of
total suspended particle matterEFTSPM (mg/MJd) from the TLUD
cookstove using pellets as fuel.

Figure 7. Energy efficiency of the combustion chamber (ηCCG, %) as a function of the controllable parameters of the cookstove. (a) Pellets and (b)
chips.

Figure 8. Pareto chart: energy efficiency of the combustion
chamberηCCG (control volume 2) of the gasification-based
cookstove as a function of controllable parameters.
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value of the producer gas, while the power of the producer gas
from the pellets was 6.78 kW (eq 3). Therefore, when the
denominator decreases for the chips in eq 1, and the
numerator is constant (power delivered to the water),
consequently, the efficiency increases. The gasification process
in the cookstove is explained in detail in Section 2.3.
The energy efficiency of the combustion chamber as a

function of the combustion-air/gasification-air ratio does not
present a specific trend (Figure 7). Besides, the combustion-
air/gasification-air ratio does not have a statistically significant
effect on the energy efficiency of the combustion chamber
(Figure 8). This behavior is explained through the velocity
fields (Supporting Information S4) and the Reynolds
numberRe (Figure 9) estimated through CFD simulation

for both combustion chambers (see Figure 13) and for the
combustion-air/gasification-air ratios (2.8, 3.0, and 3.2). The
variation of the average Re as a function of the combustion-air/
gasification-air ratio is below 6% in each row (top rowTR
and lower rowLR) of the combustion chambers (Figure 9).
According to this mild variation, it is stated that the
combustion air flow conditions are similar; therefore, the
variation of the energy efficiency of the combustion chamber as
a function of the combustion-air/gasification-air ratio is not
significant.
The weighted Re of each combustion chamber corresponds

to the sum of the products between the Re of each row of
grooves and their corresponding area percentage of combus-
tion air output. This means, Reweighted = ∑Rei × APi, with i =
TR and LR; for combustion chamber 1, APTR = APLR = 50%,
and for combustion chamber 2, APTR = 60%, and APLR = 40%.
The weighted Re reached a value of 3579 for combustion
chamber 1, while for combustion chamber 2, a value of 3214
was obtained. This means that the Re of combustion chamber
1 is ∼11% higher compared to that f combustion chamber 2,
which promotes a better mixing between the producer gas and
the combustion air in combustion chamber 1, producing lower
CO emissions in the TLUD cookstove.33 The magnitudes of
the weighted Re indicated that the combustion air flow is
found in the transition zone in both combustion chambers.65

The variation of the Re standard deviation is a consequence of
the velocity field of the combustion air at the exit of the
grooves of the combustion chambers (Figure 9), which varies

up to 3 m/s in a same groove due to geometry, see Figures S1
and S2 (Supporting Information S4).
Concerning the start mode, it was found that this factor does

not have a statistically significant effect on the energy efficiency
of the combustion chamber (Figure 8). However, the energy
efficiency of the combustion chamber decreased by ∼17% from
cold start to hot start for the pellets, with average values of
31.21 and 26.6%, respectively. An opposite trend was found
with the chips because the energy efficiency of the combustion
chamber increased from 44.55 to 49.25% from cold start to hot
start. The behavior for the pellets is related to an increase of
the ∼21% in the power of the producer gas, when going from
5.99 kW in cold start to 7.56 kW in hot start. This is ascribed
to an increase of ∼4% in the volumetric flow of the producer
gas (7.78 N m3/h in cold start, and 8.14 N m3/h in hot start)
and ∼17% in the heating value of the producer gas reached
with the preheated cookstove (2.76 MJ/m3 in cold start, and
3.33 MJ/m3 in hot start), see Section 2.3. Furthermore, the
increase in the power of the producer gas is ∼76% higher than
the increase of thermal power of boiled water (Pw) using
pellets under the hot start. The thermal power of boiled water
increases by ∼4% when going from 1.88 kW in cold start to
1.96 kW in hot start; thereby as the denominator of eq 1
increases, the energy efficiency of the combustion chamber
decreases.
For the chips, the thermal power of boiled water increased

by ∼13% when going from cold start to hot start, while the
powers of the producer gas reached were 4.73 and 5.24 kW for
cold start and hot start, respectively. As a consequence, the rise
in thermal power of boiled water is ∼36% higher than the
increase in the power of the producer gas with the preheated
cookstove, favoring the energy efficiency of the combustion
chamber (eq 1). The higher value reached for the thermal
power of boiled water might be attributed to a decrease of
∼14% in the test time, which varies from 497 s in cold start
down to 435 s in hot start. Although for the chips, the
volumetric flow and the heating value of the producer gas
increased by ∼2 and ∼8%, respectively, during the hot start,
these rises are lower than the increment noted in the power of
the water because of the shorter test time. This explains the
improvement observed for energy efficiency of the combustion
chamber with chips.
The efficiency values found in the combustion chambers

with chipscontrol volume 2 (not for the cookstove in its
global ensemble) are close to the efficiencies presented in the
Clean Cooking Catalog of Clean Cooking Alliance for
cookstoves that work with LPG as fuel (∼49% efficiency).59

Comparing to other cookstoves that work with other gaseous
biofuels such as biogas, the thermal efficiency reached with
chips (43.84% on average) is similar to the ones reported by
Sukhwani et al.66 and by Demissie et al.67 with values of 43 and
43.6%, respectively. This result is mainly attributed to the
lower power of the producer gas obtained using the chips,
which is reflected in the increase of the energy efficiency of the
combustion chamber. Meanwhile, other cookstoves using
biogas under WBT protocol and with improved designs of
burners have reached efficiencies of 56.8968 and 67.01%.69

2.3. Control Volume 3: Gasification Process. The
control volume 3 corresponds to the gasification process of the
pellets and chips in the cookstove bed, which represents a
TLUD-type or reverse downdraft-type reactor at atmospheric
pressure. The gasifying agent is air at a fixed rate of 0.12 kg/
m2/s for both biomasses. Figure 10 shows the characteristic

Figure 9. Average Reynolds number of the combustion air flow
through the top and low rows of combustion chamber 1 (CCG1) and
combustion chamber 2 (CCG2) as a function of the different
combustion-air/gasification-air ratios (2.8, 3.0, and 3.2).
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parameters of the gasification process, such as process
maximum temperature (°C) measured close to the reactor
wall (Section 4.5), fuel/air or biomass/air equivalence ratio
(dimensionless), and biomass burning velocity (mm/min).
Besides, biomass consumption rate (kg/h/m2), the dry base
composition (% vol) and volumetric flow (Nm3/h) and
heating value (kJ/Nm3) of the producer gas, cold gas efficiency
(%), producer gas yield (Nmpg

3/kgbms), and biochar mass yield
(% wt). In Figure 11, the statistical results are shown through a
Pareto chart for each of the response variables analyzed as a

function of the considered factors, biomass density (pellets and
chips) and the process start type (cold start and hot start).
Representing the ANOVA with a confidence interval of 95%,
the effect of the producer gas species is reflected in the heating
value of the producer gas; therefore, the heating value of the
producer gas is statistically analyzed instead of every gaseous
species.
According to the ANOVA, the biomass density has a

statistically significant effect on process maximum temperature
(Figure 11). The process maximum temperature of the pellets
(391.07 °C) was ∼70% higher on average concerning the
temperature reached with the chips (229.70 °C), as observed
in Figure 10a. The heat release rate of pellets into the bed
increased because of its higher heating value (19.03 MJ/kg)
compared to that for the chips (16.85 MJ/kg) (Table 1).
Furthermore, the higher packing factor of the pellets (packing
factor equal to 0.48, Table 1) than that of the chips (packing
factor equal to 0.36, Table 1)70 promotes a higher absorption
of the radiative heat transference in the solid phase of the
pellets.19,71 The higher absorption of the radiation intensity
favors a higher energy concentration in the reaction front,
which leads to an increase in the temperature reached for the
pellets. Although the start type does not have a statistically
significant effect on process maximum temperature (Figure
11), there was a slight decrease of process maximum
temperature in both biomass for the hot start compared to
the cold start, which is related to the increase in the fuel/air

Figure 10. Parameters of the gasification process for the pellets and the chips as a function of the start type, cold start (CS) and hot start (HS). (a)
fuel/air equivalence ratioFrg (-), producer gas yieldYpg (Nmpg

3/kgbms), heating value of the producer gasLHVpg (kJ/Nm3), process
maximum temperatureTmax (°C), and volumetric flow of the producer gasV̇pg (Nm3/h); (b) biomass burning velocityVb (mm/min),
biochar mass yieldYchar (%), cold gas efficiencyCGE (%), and biomass consumption ratembms (kg/h/m

2); and (c) producer gas composition
on dry basis (% vol).

Figure 11. Pareto chart: effects of biomass density and start type on
the gasification process parameters.
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equivalence ratio in hot start due to the higher biomass
consumption rate (Figure 10a,b), resulting in a lower
temperature in the reaction front.19

The biomass density and the start type have a statistically
significant effect on fuel/air equivalence ratio (Figure 11),
which increased by ∼22% on average for the chips concerning
the pellets (Figure 10a). This is attributed to the higher
burning (Vb) and the biomass consumption rates (ṁbms) of the
chips (Figure 10b).19,71 The preheating of the reactor in the
hot start favors the drying of the raw biomass, which reduces
the energy requirements from the reaction front to process the
fresh biomass. As a consequence, the reaction velocity and the
biomass consumption rate increase.71 Therefore, for the hot
start, the fuel/air equivalence ratio increased by ∼18% for the
pellets and by ∼22% for the chips compared to the cold start.
In this study, an opposite effect was found between the fuel/

air equivalence ratio and producer gas compositions for these
two types of biomass (Figure 10a,c). Even though the average
fuel/air equivalence ratio for the pellets was 1.52 and 1.85 for
the chips, a higher concentration of gaseous fuel species was
reached for the pellets, whose average composition was 16, 18,
and 155% higher for CO, CH4, and H2, respectively,
concerning the gas composition of chips. The higher energy
content of the pellets producer gas is ascribed to the higher
reaction temperature reached with this biomass, which is
favored by its higher bulk density. However, in Figure 10c a
slight decrease in H2 is observed when comparing cold start
with hot start in both biomass types. The lower temperatures
in the hot start tend to slightly reduce activation for producing
H2; such as the cracking and the reforming of hydrocarbons
and tars, and the char reduction with steam.72 For both
biomasses, CO and CH4 tend to increase in hot start compared
to the cold start. This behavior is related to the higher fuel/air
equivalence ratio attributed to the increase of biomass burning
velocity under the hot start (Figure 10a,b).70

Concerning biomass burning velocity, both factors have a
statistically significant effect, although the higher effect is
generated by the biomass density (Figure 11). Despite the
lower temperature reached by the chips, the average biomass
burning velocity of this biomass was 4.3 times higher than that
reached by the pellets (Figure 10b). This behavior was
attributed to the higher penetration of radiative heat
transference in the solid phase of the chips, whose mechanism
favors the drying and devolatilization processes of the raw
biomass, thus fostering a higher reaction velocity.19,56 As for
the start type, from cold start to hot start, the biomass burning
velocity increased by 35% for the pellets and by 22% for the
chips. This is ascribed to the preheated process of the
cookstove walls when the gasification process is carried out
under hot start. The biomass density and the start type have a
statistically significant effect on the biomass consumption rate
(Figure 11). The biomass consumption rate reached a value of
145.39 kg/h/m2 for the chips compared to the 125.33 kg/h/
m2 for the pellets (Figure 10b). The trend in the biomass
consumption rate is similar to the one observed for the
biomass burning velocity because both variables are correlated
(eq 5).56

As a consequence of the higher concentration of gaseous fuel
species reached by the pellets, its producer gas heating value
increased by ∼28% concerning the one from the chips, with
average values of 3047.90 kJ/Nm3 for the pellets and 2384.58
kJ/Nm3 for the chips (Figure 10a). The higher concentration
of combustible gaseous species reached for the pellets is

ascribed to their higher reaction temperature, which favored
the reduction reactions (C + CO2 → 2CO, C + 2H2 → CH4,
and C + H2O → CO + H2), and therefore, the production of
combustible gaseous species.73 The volumetric flow of the
producer gas reached by the pellets was 7% higher than that of
the chips, with values of 7.97 and 7.48 Nm3/h, respectively.
The higher producer gas volumetric flow of the pellets is
related to their higher bulk density (559.97 kg/m3, Table 1),
which contributes to increase the biomass amount per volume
unit of the reactor; thereby, the increment of the gas
production is favored by mass conservation.
The biomass density and the start type have a statistically

significant effect on the heating value and volumetric flow of
the producer gas, the biomass density is the factor with the
highest effect in both response variables (Figure 11). As for the
cold gas efficiency, the biomass density statistically affects this
parameter. The cold gas efficiency was in average 51.6% for the
pellets and 36.7% for the chips (Figure 10b). This difference of
∼41% is attributed to the higher flow and heating value of the
producer gas, as well as to the lower biomass consumption rate
(∼16%) reached with the pellets. Therefore, the power
associated with the producer gas increases while the energy
supplied by the biomass to gasification process decreases,
which leads to an increase in the cold gas efficiency.74 In hot
start, the increase of ∼17% in the heating value of the producer
gas for the pellets favored a rise of ∼5% for cold gas efficiency
compared to the cold start. While for the chips in hot start, the
increase of ∼6% in the heating value of the producer gas was
not enough to compensate the increase of the biomass
consumption rate (∼22%) during this start, whereby the cold
gas efficiency decreased by ∼13% from cold to hot start.20

The biomass density and the start type statistically affect the
producer gas yield (Figure 11). The producer gas yield was on
average 23% higher for the pellets concerning that of chips.
This is because the pellets reach a higher volumetric flow of the
producer gas (∼7%) and a lower biomass consumption rate
(∼16%). Concerning the effect of the start type, from cold to
hot start, the producer gas yield decreased by 11% for the
pellets and by 17% for the chips. This reduction is attributed to
the fact that the increase of volumetric flow of the producer gas
(3% for the pellets and 1% for the chips, from cold to hot start)
is less significant than the increase reached by the biomass
consumption rate, 18 and 22% for the pellets and the chips,
respectively (Figure 10a).
The biomass density significantly affects the biochar mass

yield (Figure 11). The pellets reached an average biochar mass
yield of 12.12%, while that one obtained from the chips was
10.82% on average. The higher biochar yield for the pellets is
due to their higher bulk density.53 Furthermore, biomasses
with a higher content of lignin tend to reach a higher biochar
yield;75 in this work, the lignin content for the pellets is ∼12%
higher than that for the chips (43.74 and 39.10 wt %,
respectively).76 With respect to the start type, from cold to hot
start, biochar mass yield of the pellets increased by 13%, while
biochar mass yield for the chips decreased by 4% (Figure 10b).
This behavior is ascribed to the fibrous nature of the chips and
its surface area (BET), which is ∼4 times higher than that of
the pellets,76 which leads to favor the reactions of the
gasification process, and consequently, the biochar mass yield
decreases.
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3. CONCLUSIONS

The best performance of the gasification-based biomass
cookstove, assessed here, was reached by using pellets as
fuel, with values of 25.21%, 82.32 g/L, and 172.71 kJ/L·min
for the efficiency, the specific energy consumption, and the
specific energy consumption per unit time, respectively. This
behavior accounts for efficiency, specific energy consumption,
and specific energy consumption per unit time values of 5%
higher, 7% lower, and 21% lower in comparison to the values
reached with the TLUD cookstove using chips. According to
the thermodynamic analysis carried out on the gasification
process, the higher values in the bulk density, packing factor,
and the heating value of the pellets, allowed for this fuel to
reach higher temperatures in the gasification bed and a lower
biomass consumption rate, which improved the composition
and increased the heating value of the producer gas, as well as
the cold gas efficiency, and the amount of energy transferred to
the water. As a consequence, fostering the use of densified
biomass as a fuel in gasification-based cookstoves is suitable.
The efficiency values reached by the TLUD cookstove with
pellets and chips, in comparison to the efficiencies reported for
TSF cookstoves (10−14%) were 80 and 72% higher,
respectively.
Concerning the pollutant emissions released, the carbon

monoxide specific emissions were similar for the pellet and
chip biomasses (2.78 g/MJd for the pellets, and 2.75 g/MJd for
the chips) due to the fact that the biomasses used were derived
from the same forest species (Pinus patula). On the other
hand, an important effect of the combustion chamber design of
the cookstove on the pollutant emissions was noted. For
combustion chamber 1, a lower amount of CO and total
suspended particulate matter (74.11−122.70 mg/MJd) emis-
sions were reached due to a higher turbulence in the
combustion zone. The higher turbulence of the combustion
air favors its mixing with the producer gas. Therefore, the
combustion air in gasification-based stoves should be supplied
to the combustion chamber in a turbulent regime in order to
favor the mixing and the gas−gas combustion reaction.
Thereby, the cookstove efficiency increases, while the pollutant
emissions drop.
The combustion-air/gasification-air ratio (2.8, 3.0, and 3.2)

did not have a significant effect on the energy performance and

pollutant emissions of the gasification-based biomass cook-
stove, whereby the cookstove is noted to be operate near the
stoichiometric zone for the producer gas, which is the optimal
point. The oxygen-lean reactions generate an incomplete
combustion of the producer gas, while oxygen-rich reactions
might cool the flame front. For both cases, oxygen-lean and
-rich, the stove efficiency would be reduced while the CO and
total suspended particulate matter emissions would increase.
Regarding the TSF cookstoves, the TLUD gasification stove
showed 82% lower CO emissions, and a reduction in the total
suspended particulate matter emissions between 65 and 80%.

4. MATERIALS AND METHODS

In this work, the effect of three controllable parameters on the
energy and environmental performance of a biomass gas-
ification-based cookstove (or TLUD) is studied. The
considered parameters are (i) the bulk density, using wood
pellets and wood chips from pine patula as fuels; (ii) the
combustion-air/gasification-air ratio considering the values of
2.8, 3.0, and 3.2; and (iii) the cookstove design through the
variation of geometry in the combustion chamber of the
producer gas. Two combustion chambers are evaluated
(combustion chambers 1 and 2). The effect of the controllable
parameters on three control volumes is analyzed. The control
volumes are (1) the energy and the environmental perform-
ance of the TLUD cookstove; (2) the thermal efficiency of the
combustion chamber of the producer gas; and (3) the
thermodynamic performance of the gasification process in
the cookstove. The experiments were conducted by combining
the levels of the three factors, the experimental plan was
replicated twice, for 24 tests following the modified WBT 4.2.3
protocol. The results obtained were analyzed through the
analysis of variance to determine the factors that are
statistically significant for the response variables.

4.1. Biomass Samples Used as Fuel. The biomass used
was pine patula wood (P. patula) due to its dendroenergetic
potential in Colombia. This is given by silvicultural properties,
such as annual yield of ∼20 m3/ha year, harvest time of ∼13
years, and a planted area in the country of ∼38,500 ha.77 Wood
chips and wood pellets were used, which are the most common
products for energy generation and use in gasification-based
cookstoves globally.78−80 The chips were obtained in the

Figure 12. Experimental installation of the biomass gasification-based cookstove (TLUD).
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Bandit 95XP equipment with particle sizes between 4 and 20
mm, while the pellets were obtained commercially in a sawmill
located in Medelliń (Colombia). The pellets had a diameter of
8 mm and a length between 10 and 15 mm. This particle size is
suitable for a stable oxidation in gasification processes.70,81

Physicochemical properties of the two biomass types are
presented in Table 1.
4.2. Experimental Setup. The experimental installation is

composed of a gasification-based forced-draft cookstove,
equipped both for executing performance tests under the
WBT protocol and thermodynamic characterization of the
gasification process. The different equipment that composes
the experimental installation is shown in Figure 12.
Raw biomass is deposited and lit through the top of the

reactor and, thus, the reaction front (or flame front) descends
to the bottom part or grate. The gasification air is fed to the
reactor through the bottom section and, therefore, the
producer gas flow is opposed to the advance of the reaction
front. During the gasification process, because of the stages of
drying, pyrolysis, oxidation, and reduction of the biomass, the
resulting products are producer gas and biochar.32 The
producer gas leaves the reactor through the top where the
combustion chamber is located. At this point, the oxidation of
the gas with the combustion air occurs. The energy released by
the producer gas oxidation is used in the heating of water
(simulating cooking) and polluting gases such as CO generated
by incomplete combustion and particulate matter are released.
Constructively, the geometry of the reactor is cylindrical

with an internal diameter of 0.16 m and a height of 0.28 m.
Throughout the length of the reactor, there are five type-K
thermocouples (±1 °C), separated every 0.04 m and inserted 5
mm into the bed. This insertion distance of the thermocouples
was set to avoid the formation of preferential paths and have
the ability to conduct WBT tests under cold start as well as hot
start. The thermocouples are used to measure the temperature
throughout the gasification bed. The gasification air is supplied
through a duct of 0.04 m diameter and is driven by a
GOSTIME 12 V0.06A axial fan, with a fixed flow of 146 ±
4.35 L/min (0.12 kg/m2/s) for all the conducted experiments.
At the top of the reactor, the combustion chamber is located
(Figure 13). Combustion chamber 1 (Figure 13a) has an
internal diameter of 0.16 m and two rows of grooves, each with
nine grooves of height 8 mm and length 24 mm. Combustion
chamber 2 shown in Figure 13b has an internal diameter of
0.16 m and two rows of grooves. The lower row has five
grooves of 10 mm in height and 30 mm in length. The upper
row is composed of five grooves of 5 mm in height and 79 mm

in length. Both combustion chambers had a total area for the
combustion air outlet of 3209 mm2. Combustion air is supplied
by two GOSTIME 5 V−0.14A axial fans, through two 0.04 mm
diameter ducts, tangentially joined to the combustion chamber.
The aim of these grooved combustion chambers is to generate
turbulence in the combustion air in order to favor the mixing
between the air and the producer gas, seeking to improve the
homogeneous combustion. The fields of velocities for the
combustion air in combustion chambers 1 and 2 are
determined through a numerical simulation using Ansys 19.0
software. The level of turbulence is estimated with the velocity
fields in each combustion chamber through the calculation of
the Reynolds number.
The supervisory control and data acquisition system are

composed of a National Instruments data acquisition card
USB-6001 and a program developed with LabView. The five
temperatures throughout the gasification bed are visualized and
registered with these two components and the water
temperature is monitored and registered through a LM35
sensor (±0.5 °C). Additionally, the voltage of the fans
supplying both gasification air and combustion air are
controlled to regulate the flow supplied. Finally, the evolution
of the biomass mass during the WBT is measured through a
MAG master P balance with a capacity of 30 kg (±0.1 g).
Water masses are measured with a MAG HAW-10BH balance
with a capacity of 10 kg (±0.1 g). During the execution of the
test, the pot with water is separated from the cookstove with
and additional base, as shown in Figure 12 (3. Pot stand), to
measure biomass consumption and evaporated water mass
independently.33 The experimental installation is also
composed by an extraction hood with a 0.8 m width, 1.0 m
in length, and 2.0 m height, as shown in Figure 12 (4.
Extraction hood). This is used for the extraction and
measurement of combustion gases. The extraction hood is
joined to a dilution duct with a diameter of 0.1 m. Extraction
velocities in the hood are below 0.25 m/s, seeking to avoid air
currents that interfere with the normal functioning of the
cookstove.82

The composition of the producer gas (syngas) was measured
using a Gasboard-3100 Serial (Cubic-Ruiyi Instrument) gas
analyzer, which measures CO (±2% vol of full scale, non-
dispersive infraredNDIR), CO2 (±2% vol of FS, NDIR),
CH4 (±2% vol of FS, NDIR), H2 (±3% vol of FS, thermal
conductivity detectorTCD), O2 (±3% vol of FS, electro-
chemical detectionECD), C3H8 (±2% vol of FS, NDIR),
and N2 (calculated by difference). The composition of
combustion gases was measured with a KIGAZ 310 (KIMO

Figure 13. Combustion chambers for the producer gas oxidation in the TLUD cookstove. (a) design of combustion chamber 1, and (b) design of
combustion chamber 2.
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Instruments) gas analyzer, with which it determined CO
concentration (±10 ppm, by ECD), CO2 (calculated), and gas
temperature (±1.1 °C, type K thermocouple). The collection
of total suspended particulate matter was carried out with
Advantec GC-50 glass fiber filters with a diameter of 47 mm.
The filters were conditioned with a temperature of 20 ± 3 °C
at a relative humidity of 40 ± 5% during 24 h. The filters were
installed in a filter holder fitted in a stainless-steel probe with
6.35 mm (1/4 in) of diameter and joined to a vacuum pump
with a flow of 24 ± 0.5 L/min. To calculate the gas flow in the
dilution duct, a Pitot tube and Fieldpiece SDMN5 differential
pressure manometer were used for measuring the dynamic
(±0.5 mmWC) and the static pressures (±0.5 mmWC).
In this work, the TLUD cookstove is characterized as a

function of three control volumes, as indicated in Figure 14.

Control volume 1 corresponds to the TLUD cookstove
assessment following the WBT protocol. Control volume 2
contains the combustion chamber; and finally, control volume
3 considers the biomass gasification process of the cookstove.
4.3. Control Volume 1: Gasification-Based Cookstove.

In this control volume, the TLUD cookstove is characterized
under WBT protocol to determine (i) its energy performance:
efficiency (%), specific energy consumption per unit time (kJ/
L min), and (ii) pollutant emissions, such as specific emissions
of CO (g/MJd), and total suspended particulate matter (mg/
MJd).

51,83 The protocol for executing the experimental phase
and the mathematical formulation for calculating the response
variables associated with the cookstove performance are
described below.
4.3.1. Modified WBT Protocol. TLUD cookstove is

characterized following a modified WBT 4.2.3 protocol,
which is shown in Figure 15. The original version of the
WBT 4.2.3 protocol is proposed by the Clean Cooking
Alliance.84 It is worth noting that this modified WBT 4.2.3
protocol could be extended to assess other biomass cookstoves,
seeking to carry out experimental tests under repeatability
criteria, and with a useful method to enhance the data
acquisition, such as particulate matter.

The WBT 4.2.3 protocol comprises two types of ignition to
start the WBT tests.84 These cookstove ignitions are cold start
and hot start, both consisting in bringing water from room
temperature to its boiling point. Here, each ignition, in turn,
comprised two stages (stage 1 and stage 2), see Figure 15.
Stage 1 of the cold start is indicated as cold startstage 1. In
this stage, the TLUD cookstove is turned on from room
temperature (stove and water), and water (3 L) is brought to
the boiling point (∼94 °C for Medelliń-Colombia). In stage 2
of the cold start (CS.S2), the boiling water is weighed and is
put on the cookstove again. The objective of cold startstage
2 is to extend the cookstove operation by simulating a long
cooking time, while the energy yield but, most importantly,
polluting emissions are registered and a higher amount of total
suspended particulate matter is collected in the filter (Figure
12).
The hot start is conducted after finishing the cold start test.

The cookstove is cleaned (biochar is weighted and removed),
it is loaded again with raw biomass (∼1300 g of pellets or 550
g of chips). The preheated cookstove is turned on and the pot
with water (3 L) at room temperature is put on. The time
elapsed between the cold start stage and the start of the hot
start is below 10 min.84 Stages 1 and 2 of the hot start are
shown as hot startstage 1 and hot startstage 2,
respectively. These stages are similar to the ones described
for the cold start. The hot startstage 1 starts with the
preheated cookstove to boil water from room temperature. In
hot startstage 2, water continues to be boiled under the
same conditions of biomass consumption, simulating a long
and controlled cooking stage, obtaining more data related to
performance, combustion gas concentration, and total
suspended particulate matter. The procedure for executing
cold start is presented in Table S1 (Supporting Information).
At the end of the cold start stage, the biochar was removed and
renewed the raw biomass load, following the same procedure
indicated in Table S1 to carry out the hot start stage.
According to the modified WBT 4.2.3 protocol (Figure 15)

during the execution of the tests, the following related variables
are measured in each stages (Section S2, Supporting
Information): initial water mass (mw,i, g), final water mass
(mw,f, g), initial water temperature (Tw,i, °C), final water
temperature (Tw,f, °C), initial fuel mass (mbms,i, g), final fuel
mass (mbms,f, g), final biochar mass (mbiochar, g), duration time
of stage 1 (ts1, s), duration time of stage 2 (ts2, s), and duration
time of the test (ttest, s). The WBT characterization of the
TLUD cookstove as a function of controllable parameters was

Figure 14. Stages, subprocesses, and control volumes that are part of
the TLUD cookstove assessment.

Figure 15. Modified 4.2.3 WBT protocol.
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carried out in two sections. In the first section, the three factors
(biomass density, combustion-air/gasification-air ratio, and
combustion chamber design) were studied through the
execution of the modified WBT 4.2.3 protocol until the
completion of stage 1 for both, the cold start and the hot start;
that is, until water reaches the boiling temperature.47,51,57

During this phase, the energy yield and the specific emissions
of CO85 were analyzed under these conditions. The second
section was carried out while measuring the specific emissions
of total suspended particle matter with pellets because this
biomass type reached a better energy performance and lower
pollutant emissions according to the first study described
above.
4.4. Control Volume 2: Combustion Chamber. The

control volume 2 was defined in order to analyze the ηCCG (%),
calculated as expressed in eq 1. Here, the effects of the biomass
bulk density (560 kg/m3 for pellets, and 151 kg/m3 for chips),
the combustion-air/gasification-air ratio (2.8, 3.0, and 3.2), the
design of the combustion chamber (combustion chambers 1
and 2), and WBT protocol start (cold start and hot start) are
assessed.

η =
P
PCCG

W

pg (1)

where Pw (kW) is the thermal power associated to boil the
water (eq 2), and Ppg (kW) is the power of the producer gas
(eq 3). The volumetric flow (V̇pg) and the lower heating value
of the producer gas (LHVpg) are calculated in Section 4.5.

=
+
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4.5. Control Volume 3: Gasification Process. The
thermodynamic performance of the biomass gasification
process in the TLUD cookstove (control volume 3) is
characterized as a function of the biomass density (560 kg/
m3 for the pellets and 151 kg/m3 for the chips) and the type of
cookstove start (cold start and hot start). The experimental
factors, such as the combustion-air/gasification-air ratio and
the combustion chamber, are not considered in this analysis
because control volume 3 corresponds to the gasification
process (control volume 3 has its limit just before the
combustion chamber, as shown in Figure 14). In this work, the
parameters that characterize the TLUD gasification process are
process maximum temperature (°C) measured near the reactor
wall, fuel/air or biomass/air equivalence ratio (dimensionless),
biomass burning velocity (mm/min), biomass consumption
rate (kg/h/m2), composition on dry base (% vol) and
volumetric flow of the producer gas (Nm3/h) and heating
value of the producer gas (kJ/Nm3), cold gas efficiency (%),
producer gas yield (Nmpg

3/kgbms), and biochar mass yield (%
wt). The values of fuel/air equivalence ratio (-), heating value
of the producer gas (kJ/Nm3), and cold gas efficiency (%)
were carried out following the methodology proposed by Diéz
et al.74 The process maximum temperature (°C) was measured
using the thermocouples located throughout the reactor, which
shows a temperature close to the reactor walls. The biomass
consumption rate by a unit of area ṁbms (kg/h/m2) was
calculated through eq 4.

̇ =m
m

Abms
bms

T (4)

where mbms (kg/h) is the biomass consumption, which
corresponds to the slope in the curve between the mass
registered by the MAG master P scale and the time elapsed
during the test execution. AT (m2) is the reactor cross section
(0.0201 m2). Vb (mm/min) is the ratio between ṁbms and the
biomass bulk density (ρ, kg/m3) (eq 5).

ρ
=

̇
V

m
b

bms

bms (5)

Ypg (N mpg
3/kgbms) was calculated by eq 6, which relates the

volumetric flow of the producer gas (V̇pg, Nm
3/h) and biomass

consumption rate mbms (kg/h).
86

=
̇

Y
V

mpg
pg

bms (6)

where Vpg (Nm3/h) was obtained from N2 mass balance
between the producer gas and the N2 in the air.71 Finally,
biochar mass yield (%) corresponds to the biochar yield
calculated using the modified WBT 4.2.3 protocol, with eq S8.

4.6. Experimental Conditions. The experimental cam-
paign of the TLUD cookstove is carried out randomly, keeping
the place (Medelliń-Colombia), the gasification cookstove, the
measurement equipment, and the technical staff fixed in order
to reduce the experimental error.87 Additionally, the
repeatability of the experimental installation was addressed
by means of the variation coefficient and ANOVA, highlighting
that the TLUD cookstove is a repeatable experimental unit
with a variation coefficient <5.0%, and with 95% of confidence
level.88

The starting main parameters considered in each test under
the modified WBT 4.2.3 protocol are the initial water mass
(mw,i, g), the initial water temperature (Tw,i, °C), and the initial
biomass mass (mbms,i, g). The tests were executed considering
an initial water volume equivalent to 3 L.84 An initial biomass
mass is used for stage 1, both for the cold start and the hot
start of ∼1300 g for pellets, and ∼550 g for chips. This
difference is due to the bulk density of each fuel type (Table
1).
The fans for supplying the gasification air and combustion

air were characterized before the experimental campaign in
order to set voltages equivalent to the combustion-air/
gasification-air ratios (2.8, 3.0 and 3.2) by controlling the
flow through the data acquisition and control system (Figure
12). The gasification air flow was kept fixed for the
experiments, 146 ± 4.35 L/min, equivalent to an air superficial
velocity of 0.12 m/s, which corresponds to gasification
regimes.81 The air volumetric flow supplied by the fans for
the combustion of the producer gas was 408.8, 438.0, and
467.2 L/min for ratios equal to 2.8, 3.0, and 3.2, respectively.
The biomass used as fuel was P. patula wood in pellets and
chips (Section 4.1). Finally, the producer gas combustion was
carried out through the combustion chambers described in
Section 4.2.
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■ NOMENCLATURE
ANOVA Analysis of Variance
AP percentage of combustion-air outlet area, %
AT reactor cross section, m2

CA combustion air, L/min
CA/GA combustion-air/gasification-air ratio
CCG combustion chamber
CFD fluid dynamic simulation
CGE cold gas efficiency, %
CO carbon monoxide
COPD chronic obstructive pulmonary disease
Cp,water specific heat of water, kJ/kg·K
CS cold start
CS.S1 cold startstage 1
CS.S2 cold startstage 2
CV control volume
EFCO specific emissions of CO, g/MJd
EFTSPM specific emissions of total suspended particle

matter, mg/MJd
Ee,w,bms energy to evaporate the moisture from biomass, J
Es,bms energy supplied by the biomass to boil-evaporate

water, J
Ew,b energy of boiled water, J
Ew,e energy evaporated water, J
Ew,t total energy supplied to the water, J
Frg fuel/air or biomass/air equivalence ratio, dimen-

sionless
FS scale factor

GA gasification air, L/min
GDP gross domestic product
hfg latent heat of water evaporation, kJ/kg
HHV higher heating value, kJ/kg
HS hot start
HS.S1 hot startstage 1
HS.S2 hot startstage 2
IAQ indoor air quality
LHV lower heating value, kJ/kg
LPG liquid petroleum gas
LR lower row
mbiochar biochar mass, g
ṁbms biomass consumption rate, kg/h·m2

mbms,c mass of biomass consumed, g
mbms,c,d dry mass of biomass consumed, g
mbms,f final biomass mass, g
mbms,i initial biomass mass, g
mc biochar mass, g
MC moisture content of biomass, % wt
mce mass of the pot, g
mCO mass of CO, g
mTSPM mass of total suspended particle matter, mg
mw,b mass of boiling water, g
mw,e mass of evaporated water, g
mw,f final water mass, g
mw,i initial water mass, g
NDIR non-dispersive infrared
PM particulate matter
Ppg power of the producer gas, kW
Pw thermal power associated to boil the water, kW
Re Reynolds number
S1 stage 1
S2 stage 2
SFCT specific energy consumption per unit time, kJ/L·

min
SFEC specific energy consumption, kJ/L
TCD thermal conductivity detector
Td,bms biomass drying temperature, °C
Tmax process maximum temperature, °C
TR top row
ts1 time spent during the stage 1, s
ts2 time spent during the stage 2, s
ttest duration time of the test, s
Tw,f final water temperature, °C
Tw,i initial water temperature, °C
TLUD top-lit updraft cookstoves
TSF traditional three stone fire
TSPM total suspended particle matter
Vb biomass burning velocity, mm/min
V̇duct volumetric flow of gases flowing through the

dilution line, m3/s
V̇pg volumetric flow of the producer gas, Nm3/h
V̇vacuum pump volumetric flow of gases flowing through the

vacuum pump, m3/s
WBT water boiling test
WCH wood chips
WHO World Health Organization
WP wood pellets
Ybiochar biochar mass yield, %
yi response variable
Ypg producer gas yield, Nmpg

3/kgbms
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■ GREEK SYMBOLS
εij error
η thermal efficiency, %
ηCCG combustion chamber energy efficiency, %
μ global measure
ρbms biomass bulk density, kg/m3

ρw water density, kg/m3

τi effect of factor i
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