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Abstract
Biomass as an energy source for three-stone cookfires is commonly used for cooking and heating rural and isolated house-
holds in developing countries; therefore, indoor air quality decreases. In this work, the effect of the air flows ratio (combus-
tion air/gasification air, CA/GA: 2.8, 3.0, and 3.2), and the start type, cold (CS), and hot (HS), on the energy behavior and 
emissions from a forced-draft top-lit updraft (TLUD) cookstove, using wood pellets as fuel, is studied. Furthermore, the 
gasification process was thermodynamically characterized. The TLUD cookstove assessment was carried out following a 
modified water boiling test (WBT). The highest thermal efficiency of the cookstove was 26.74%. The lowest specific CO, 
NOx, and total suspended particle matter (TSPM) emissions were 1.8 g/MJd, 106 mg/MJd, and 78.32 mg/MJd, respectively; 
this was attributed to a proper mixture between the producer gas and the combustion air. The gasification process showed 
a better energy yield under the hot start due to the preheating induced in the cookstove reactor. The optimal values of the 
producer gas heating value (LHVpg), cold gas efficiency (CGE), and the biochar yield (Ychar) were 3.53 MJ/Nm3, 58.61%, and 
12.49%, respectively. Here, an opposite effect was found for the air flows ratios assessed. The cookstove behavior improved 
as the mixture between CA and GA was suitable, achieving the maximum at CA/GA = 3.0. However, the NOx emissions 
increased with the increment of CA/GA ratios (from 2.8 to 3.2). Therefore, future works must address the NOx emission 
reduction without penalizing performance or permanent emissions from the TLUD cookstoves.

Keywords  Total suspended particle matter · Carbon monoxide · Forced draft cookstove · Wood pellets · Modified water 
boiling test

Abbreviations
ANOVA	� Analysis of variance
CA	� Combustion air
CA/GA	� Combustion air/gasification air ratio
CGE	� Cold gas efficiency (%)
CH4	� Methane
CO	� Carbon monoxide
CO2	� Carbon dioxide
Cp,w	� Water-specific heat (J/g°C)

CS	� Cold start
CS.S1	� Cold start stage 1
CS.S2	� Cold start stage 2
Ee,w,bms	� Energy to evaporate water from biomass (J)
Ew1	� Energy delivered to water in stage 1 (J)
Ew2	� Energy delivered to water in stage 2 (J)
Frg	� Biomass-air equivalence ratio 

[dimensionless)
GA	� Gasification air
hfg	� Water vaporization enthalpy (J/g)
H2	� Hydrogen
HNC	� Hydrogen cyanide
HS	� Hot start
HS.S1	� Hot start stage 1
HS.S2	� Hot start stage 2
LHVbiochar	� Biochar low heating value (J/g)
LHVbms	� Biomass low heating value (J/g)
LHVpg	� Producer gas heating value (MJ/Nm3)
M	� Biomass moisture content (%)
mbms,c	� Biomass consumed in wet base (g)
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mbms,c,d	� Dry biomass mass consumed (g)
mTSPM	� Particulate matter mass (g)
mw,b	� Heated water mass (g)
mw,h	� Evaporated water mass (g)
NCE	� Nominal combustion efficiency (%)
NH3	� Ammonia
NOx	� Nitrogen oxides
O3	� Ozone
PM	� Particulate matter
S1	� Stage 1
S2	� Stage 2
SECO	� Specific emission of carbon monoxide (mg/

MJd)
SEi	� Specific emission of pollutant species (mg/

MJd)
SENO	� Specific emission of nitric oxide (mg/MJd)
SENO2	� Specific emission of nitrogen dioxide (mg/

MJd)
SETSPM	� Specific emission of total suspended particle 

matter (mg/MJd)
SO2	� Sulfur dioxide
Tdry	� Biomass drying temperature (°C)
tp	� Total time of test duration (s)
Tw,i,bms	� Biomass initial temperature (°C)
Tw,f	� Final temperature of water (°C)
Tw,i	� Initial temperature of water (°C)
TLUD	� Top-lit updraft
TSPM	� Total suspended particle matter
V̇ 	� Combustion gas volumetric flow (m3/s)
V̇duct	� Total volumetric flow of the gases (m3/s)
V̇Vaccumpump	� Vacuum pump flow (m3/s)
WBT	� Water boiling test
Yi	� Volumetric or mol fraction of gaseous spe-

cies (mi
3/ mgas

3)
Yijk	� Answer variables
Ychar	� Biochar yield (%)

1  Introduction

The world's rural population is still dependent on solid fuels. 
About 3000 million people use biomass for cooking and 
heating their homes [1]. Traditional cookstoves for cook-
ing entail high fuel consumption and pollutant emissions. 
Given that direct biomass combustion does not guarantee the 
complete oxidation of fuel, the heat released, and thermal 
efficiency is low (10–14%) [2]. The use of poorly efficient 
cookstoves is typical in the most vulnerable communities in 
developing countries [3], which harms the environment and 
the population that spend more time at home and live along-
side combustion products. According to the World Health 
Organization (WHO), about 4.2 million people die every 
year due to prolonged exposition to pollutant emissions (CO, 

NOx, and PM2.5) [4]. Worldwide, during the 2001–2015 
period, nitrogen oxide emissions from solid fuels (biomass) 
burning were determined at ~ 14.65 Tg NOx/year [5]. The 
secondary formation of PM2.5 occurs due to chemical reac-
tions in the atmosphere of main precursors, such as NOx, 
SO2, and NH3 [6]. Furthermore, NOx is the precursor of 
ground-level ozone (O3) formation, a primary component of 
photochemical smog related to airway irritation and severe 
asthma, among others [7, 8].

In Colombian rural communities, about 1.6 million fami-
lies depend on firewood to satisfy their energy needs for 
cooking [9]. Aguilar-Gil et al. [10] reported that approxi-
mately 15,000 people die in Colombia every year because of 
air pollution; 47% from these are caused by pollution inside 
homes in non-interconnected zones. Therefore, it is neces-
sary to develop efficient cooking systems focused on increas-
ing their energy efficiency, while reducing fuel consumption 
and specific emissions of NOx, CO, and PM2.5. The optimal 
efficiency of the cookstove brings about a better indoor air 
quality where biomass is used for domestic tasks.

TLUD biomass cookstoves characterization has given rise 
to a higher efficiency caused by cleaner combustion and low 
pollutant emissions [3, 11–14]. Kirch et al. [15] compared 
the thermal efficiency of a forced-draft TLUD cookstove 
to another natural-draft TLUD stove, by using the nominal 
combustion efficiency (NCE). The forced-draft cookstove 
showed an NCE of 84.04%, while the natural-daft cook-
stove reached an NCE of 65.72%. The higher airflow sup-
plied provides enough oxygen for a complete producer gas 
combustion and allows to obtain a higher efficiency for the 
forced-draft cookstove.

The air supply rate defines the gasification and combus-
tion regimes of the biomass. The primary air determines 
the air/biomass ratio and solid–gas conversion veloc-
ity, whereas the secondary air oxidates the producer gas. 
These phenomena directly affect the cookstove efficiency 
and pollutant emissions (incomplete combustion increases 
CO and TSPM emissions). Caubel et al. [16] found that by 
increasing secondary airflow from 5.3 to 8.5 L/min, CO 
and PM2.5 emissions decreased between 55 and 75%, while 
the combustion efficiency increased from 95 to 98%. The 
improvement in combustion also led to an enhancement in 
the cookstove thermal efficiency, which increased from 29 to 
32%. The higher velocities of the secondary air jet provide a 
more turbulent mixture and oxygen in the combustion zone, 
favoring complete oxidation of the producer gas. Sonarkar 
et al. [17] noted the importance of the control of the primary 
(gasification-air) and secondary (combustion-air) air ratio 
to improve the cookstove's efficiency. The efficiency of a 
natural-draft TLUD cookstove was 26.5%, while the effi-
ciency of the gasification-based cookstoves (forced-draft) 
was between 44.5 and 47%. Tryner et al. [18] reported an 
optimal CO emission of ~ 4 g/MJ and ~ 6 g/MJ with CA/GA 
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ratios of 3:1 for dry biomass (moisture content < 7%) and 4:1 
for biomass with moisture content higher than 15%, respec-
tively. The control in the combustion air (secondary air) and 
gasification air rates (primary air) favors the mixing between 
the air and producer gas, which contributes to keeping the 
flame and favoring a complete combustion.

Concerning the biomass gasification temperature in 
improved cookstoves, Metha et al. [19] reported an increase 
in the gasification temperature with the air superficial veloc-
ity because the biomass/air ratio tends toward stoichiometric 
ratio, which leads to an increase in the cookstove efficiency 
due to the higher temperature. The maximum low heating 
value of the producer gas (4 MJ/m3) was reached with a pri-
mary air velocity of 0.09 m/s. Kshirsagar et al. [20] analyzed 
the relations between 5 controllable process variables (sec-
ondary air intake area, secondary air mass flow, pot sepa-
ration, fuel surface/volume ratio, and the pot diameter) on 
the efficiency and emissions of an advanced cookstove. The 
optimal configuration of the controllable process parameters 
(the secondary air mass flow: 1.4 g/s and pot separation: 14 
mm) led to the finding of the highest efficiency (26.5%), with 
CO specific emissions and a PM of 2.2 g/MJd and 34.67 mg/
MJd, respectively. This finding is attributed to a proper oxi-
dation of the producer gas, which allows for an emission 
reduction and an increased efficiency.

Bhattu et al. [21] analyzed the effect of the temperature 
in the combustion zone and fuel type (beech wood, wood 
pellets, and wheat pellets) on the NOx emissions from six 
improved cookstoves with different operation types (con-
tinue and batch). NOx emissions with temperatures lower 
than 1100 °C were attributed to the nitrogen present in the 
fuel. However, NO emissions were stable regardless of the 
technology and were ~ 1.0 ± 0.3 g/kg of burned wood. When 
changing wood for wheat pellets, NO emissions increased by 
a factor of ~ 3.6 due to the increment in the nitrogen content 
of pellets. Shrestha et al. [22] measured NOx specifically 
from nine Chinese gasification-based stoves (five natural 
drafts and four forced drafts), six of which were water-heat-
ing stoves and three were radiant-heating stoves. The average 
emission factor for the nine improved stoves was 336 mg/
MJ, which was primarily associated with the fuel nitrogen 
(0.3 wt%).

Scharler et al. [23] applied a theoretical–experimental 
methodology seeking to improve efficiency and to reduce the 
CO emissions from a gasification-based cookstove (TLUD 
type). The assessment was carried out by linking a CFD 
model of gas-phase combustion with experimental results 
from different cookstove prototypes under water boiling 
tests. In the cookstove prototypes, a freeboard between the 
secondary air injection and the pot was modeled with differ-
ent designs in order to favor the producer gas combustion. 
Therefore, the CO emissions diminished by 51.5%, while 
the efficiency reduction was mild (1.6%). Thus, although 

the energy characterization of the improved cookstoves 
and their main emissions (CO and particle matter) has been 
widely studied, works assessing NOx are scarce. Therefore, 
this work aims to study the effect of the air flows ratio (com-
bustion-air/gasification-air), a controllable parameter in the 
cookstove operation, on the energy behavior. Therefore, the 
thermal efficiency and specific emissions (CO, TSPM, and 
NOx) of a forced-draft gasification-based (TLUD) biomass 
cookstove are determined following a modified WBT ver-
sion 4.2.3. Furthermore, the biomass gasification process is 
thermodynamically characterized through the assessment of 
four key parameters such as cold gas efficiency (CGE), pro-
ducer gas composition, producer gas heating value (LHVpg), 
and biochar yield (Ychar). This thermochemical process is the 
cornerstone for making the most of the biomass in cooking 
processes in an eco-efficient way. This work aims to con-
tribute to better understanding and developing improved 
gasification-based biomass cookstoves with high efficiency 
and low pollutant emissions.

2 � Materials and methods

The effect of the combustion-air/gasification-air ratio (CA/
GA: 2.8, 3.0, and 3.2) on the energy and environmental per-
formance of a TLUD biomass cookstove was assessed. The 
experimental characterization is carried out by analyzing 
two control volumes: (1) the thermal efficiency of the cook-
stove under the modified WBT version 4.2.3 and (2) the 
thermodynamic characterization of the gasification process.

2.1 � Fuel

The biomass used as fuel was wood pellets whose ultimate 
analysis ash-free basis is: 46.83% C, 5.67% H, 47.48% O, 
and 0.02% N. The carbon, nitrogen, and hydrogen were 
determined under the ASTM D5378-08 standard, while the 
oxygen was calculated by difference. The proximate analysis 
of the biomass evidenced a content of 84.64% for volatile 
matter, 14.09% of fixed carbon, 1.27% of ash, and 7.91% 
of moisture content. Furthermore, the biomass bulk density 
is 559.97 kg/m3, with a packing factor of 0.48. The lower 
heating value of the pellets is 19.03 MJ/kg. The average 
size of the pellets ranged between 10 and 15 mm in length 
and 8 mm in diameter; smaller sizes tend to fluidize, which 
prevents reactor obstructions, and decrease the radiative heat 
transfer penetration in the solid phase [24]. This size favors 
the gasification process under stable conditions [25].

2.2 � Experimental installation

Figure 1 shows the outline of the experimental setup, with 
its instrumentation, used to carry out the thermodynamic 
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efficiency tests of the cookstove according to the modified 
WBT 4.2.3, as well as the thermodynamic characterization 
of the gasification process.

The experimental tests were carried out with ~ 1300 g of 
biomass in the bed (total capacity of the reactor). For the 
biomass ignition, 3 ml of ethanol at 95% is added to the 
top of the cookstove. The air required for the gasification 
is supplied through the lower part of the reactor body, and 
thus the flame front movement is opposed to the producer 
gas (syngas) flow (inverted downdraft reactor) [26]. The 
combustion air enters through the top of the stove where the 
combustion chamber is located to oxidize the producer gas. 
The energy produced by the exothermic reaction is used to 
boil water, while the combustion gases exit through the fume 
hood toward the environment.

The cookstove geometry is cylindrical with an inner 
diameter of 0.16 m and a height of 0.28 m. The temperature 
in the gasification bed was measured using 5 K-type ther-
mocouples (± 1 °C), placed 0.04 m from each other and put 
inside at a depth of 5 mm into the bed to avoid the forma-
tion of air paths in the flame front and to properly develop 
WBT under cold and hot starts [27]. The GA was supplied 
through a pipe with a 0.04 m diameter, with a 12 V–0.06A 
axial fan, with a fixed air mass flow per cross section of 0.12 
kg/m2/s ± 3.0%, while the CA was injected into the combus-
tion chamber with two 5V–0.14A axial fans. The combus-
tion chamber design and dimensions are shown in Fig. 2. 
The experimental setup and the instrumentation used are 
presented in detail by Gutiérrez et al. [28].

The producer gas (syngas) composition was measured 
by using a Gasboard-3100 Serial (Cubic-Ruiyi Instru-
ment) gas analyzer. The composition of combustion gases 

was measured with a KIGAZ 310 (KIMO® Instruments) 
gas analyzer, and a K-type thermocouple measured the gas 
temperature. The particulate matter (PM) collection was car-
ried out with Advantec GC-50 glass fiber filters with a 47 
mm diameter. The filters were conditioned to a temperature 
of 20 °C ± 3 °C with a relative humidity of 40% ± 5% dur-
ing 24 h. The filters were installed into a filter holder fitted 
in a stainless-steel probe with 6.35 mm (1/4 in) diameter 
which is joined to a vacuum pump with a volumetric flow 
of 24 ± 0.5 L/min. To measure gas flow in the dilution duct, 
a Pitot tube and a Fieldpiece SDMN5 differential pressure 

Fig. 1   Experimental setup of 
the biomass gasification-based 
cookstove

Fig. 2   Combustion chamber design of the biomass gasification-based 
cookstove
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manometer were used for measuring the dynamic (± 0.5 
mmWC) and static pressures (± 0.5 mmWC) [29, 30].

2.3 � Modified WBT 4.2.3 protocol

The modified WBT version 4.2.3 used to characterize TLUD 
biomass cookstove is shown in Fig. 3. In this water boiling 
test, two types of starts are considered: cold start (CS) and 
hot start (HS). The goal is to increase the water tempera-
ture from ambient temperature (~ 25 °C) up to its boiling 
point. There are two stages for each of the starts (S1 and 
S2, see Fig. 3). In stage 1 of the cold start (CS.S1), 3 L of 
water is brought to a boiling point from ambient temperature 
to ~ 94 °C. The S1 stage starts at ambient temperature in both 
water and the cookstove. In stage 2 (CS.S2), the boiled water 
mass is weighed and put on the cookstove again. CS.S2 aims 
to keep boiling temperature to simulate sustained cooking, 
while the measured variables are recorded to determine 
thermal efficiency, pollutant emissions, gaseous, and total 
suspended particle matter (TSPM).

Once CS.S2 ends, the biochar is weighed and removed 
from the cookstove grate. The cookstove is loaded again 
with fresh biomass in order to run the hot start. The pre-
heated cookstove is turned on and a pot with water (3 L) 
at room temperature is put on while ensuring that the time 
between the end of the cold start and the beginning of the hot 
start is less than 10 min [27]. Stages 1 and 2 of the hot start 
are named HS.S1 and HS.S2, respectively. The water heating 
processes under the hot start and the cold start are similar; 
the water is boiled from ambient temperature (25 °C). CS 
and HS differ in the HS.S1 because the test begins with 
the preheated cookstove. In stage HS.S2, water continues 
at boiling point under the same conditions of biomass con-
sumption, i.e., under the fixed gasification air supplied to 
the cookstove. This simulates a long and controlled cooking 

process and, thus, gets more performance-related data such 
as time of stage, flue gases concentration, and TSPM.

2.4 � Parameter calculation of the WBT protocol

The energy behavior parameters of the TLUD cookstove are 
calculated with data acquired during both starts (cold and 
hot) and their respective stages [31, 32]. The calculation of 
the cookstove thermal efficiency (η, %) is shown in Eq. (1).

where mw,b is the heated water mass (g); Cp,w is the water-
specific heat (4.18 J/g°C); Tw,i and Tw,f are the initial and 
final temperatures of the water (°C), respectively; mw,h is 
the evaporated water mass (g), hfg is the water vaporization 
enthalpy (2260 J/g); mbms,c,d is the dry biomass mass con-
sumed (g); LHVbms is the lower heating value of the biomass 
(J/g); mc is the residual biochar mass at the end of the WBT 
protocol (g); LHVbiochar is the biochar heating value (28,800 
J/g), and Ee,w,bms is the energy associated with the vaporiza-
tion of water present in the biomass (J), as presented below 
(Eq. (2)).

where mbms,c is the biomass consumed in the wet base; M is 
the biomass moisture content (%); Tdry is the biomass drying 
temperature (°C); Tw,i,bms is the biomass initial temperature 
ambient (°C). The specific emissions of pollutant species 
(SEi), such as CO, NO, and NO2, are calculated per unit of 
energy delivered to the pot in the boiling process (g/MJd), 
see Eq. (3) [33].

where yi (i = CO, NO, and NO2) is the volumetric or molar 
fraction of each gas species (mi

3/mgas
3); ρi is the density of 

each gas species (kgi/mi
3); V̇  is the volumetric flow of the 

combustion gases (mgas
3/s); tp is the total time of the test 

duration (s); Ew1 and Ew2 correspond to the energy delivered 
to water throughout the WBT (MJd), which are calculated 
according to Eq. (4).

where mw,b is the heated water mass (g); mw,h is the evap-
orated water mass (g), and hfg is the water vaporization 
enthalpy (2260 J/g). Otherwise, specific emissions of the 
total suspended particle matter (SETSPM) are calculated by 
Eq. (5) [34, 35].

(1)

� =
mw,b ⋅ Cpw ⋅

(

Tw,f − Tw,i
)

+ mw,h ⋅ hfg

mb ms,c,d ⋅ LHVbms − mc ⋅ LHVbiochar − Ee,w,bms

⋅ 100

(2)Ee,w,bms = mbms,c ⋅M ⋅

(

Cpw ⋅

(

Tdry − Tw,i,bms

)

+ hfg
)

(3)SEi =
yi ⋅ 𝜌i ⋅ V̇ ⋅ tp

Ew1 + Ew2

(4)Ew,i = mw,b ⋅ Cp,w ⋅

(

Tw,f − Tw,i
)

+ mw,h ⋅ hfg

Fig. 3   Modified water boiling test (WBT) 4.2.3 protocol
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where mTSPM is the particle matter mass (mg) collected in 
the glass fiber filter; V̇duct is the total volumetric flow of 
the gas that flow through the dilution duct (m3/s), and V̇
vaccum, pump is the vacuum pump flow (m3/s) [36, 37].

2.5 � Characterization of the gasification process

The characterization of the gasification process was carried 
out for each type of start based on the modified WBT ver-
sion 4.2.3. Four key parameters were calculated, such as the 
composition and heating value of the producer gas (LHVpg) 
[25]. The cold gas efficiency (CGE, %) relates the energy 
(or power) of the producer gas with the energy (or power) 
supplied by the biomass in the thermodynamic process of 
biomass conversion into gas [38, 39]. The biochar mass 
yield (Ychar, wt%) is the residual biochar present in the bed 
grate once each test ends, whether under cold start or hot 
start. The equations proposed for calculating the parameters 
described above are presented in detail by Gutierrez et al. 
[28].

2.6 � Statistical experimental design

The aim is to evaluate the significance of the factors (CA/GA 
ratio and start type—CS and HS) on the answer variables of 
the TLUD biomass cookstove. The parameters η (%), SECO 
(g/MJd), SENO (g/MJd), SENO2 (g/MJd), and SETSPM (mg/
MJd) are the answer variables assessed. The CA/GA ratio 
factor has 3 levels (2.8, 3.0, and 3.2), while the start fac-
tor has two levels (CS and HS). The experimental factors 
were assessed following the modified WBT version 4.2.3. 
Therefore, a 3 × 2 factorial experimental design was adopted, 
see Eq. (6). The combination of the levels of each factor 
produced a total of six experimental tests, plus an additional 
replica of the whole experimental campaign, for a total of 
twelve tests. Therefore, the answer variables shown in next 
section correspond to the average values between the experi-
mental test and its replica.

where μ is the global means for each answer variable; τi is 
the factor A, corresponding to start type; βj is the factor B 

(5)SETSPM =
mTSPM

Ew,1 + Ew,2

⋅

̇Vduct

̇Vvaccumpump

(6)Yijk = � + �i + �j + (��)ij + �ijn

concerning to the CA/GA ratio; (τβ)ij corresponds to the 
interaction between factors A and B; and ɛijn is the error [40]. 
The analysis of variance (ANOVA) was carried out using 
the Statgraphics Centurion XIX software, with a confidence 
level of 95% (p > 0.05), which ensures sound and consistent 
results [40]. The effect of each factor and the interaction 
between them on each answer variable were analyzed.

3 � Results and discussion

3.1 � Energy and environment performance 
of the cookstove

Although the start types and the CA/GA ratio had no sta-
tistical significance (p value > 0.05) on the answer vari-
ables η (%), SECO (g/MJd), SENO (g/MJd), SENO2 (g/MJd), 
nor SETSPM (mg/MJd), the trends of the results found here 
are analyzed and contrasted with the values reported in the 
scientific literature. This was done in order to compare the 
results and the improvements attained in energy efficiency 
and pollutant emissions as opposed to traditional stoves, as 
well as analyzing the phenomenology linked to the trends 
found as a function of the air flows ratio and the start type. 
The p-value obtained for each answer variable is shown in 
Table 1. The experimental results of the gasification-based 
cookstove are shown in Figs. 4, 5, and 6, which were drawn 
using Excel.

Table 1   p value for each answer 
variable

Factor Efficiency (%) NO2 (g/MJd) NO (g/MJd) TSPM (mg/MJd) CO (g/MJd)

CA/GA 0.7795 0.5022 0.7721 0.8895 0.7313
Start type 0.0949 0.0681 0.4133 0.1912 0.2137
Interaction 0.7964 0.3291 0.6806 0.4697 0.5871
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Fig. 4   Energy efficiency of the biomass gasification-based cookstove 
as a function of the CA/GA ratio and start type under the modified 
WBT version 4.2.3
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The experimental factor CA/GA ratio does not have a 
statistically significant effect on the energy and emissions 
parameters studied here. This behavior is ascribed to a 
variation lower than 6% of the Reynolds number of the CA 
through the combustion chamber. Therefore, the constant 
gasification air (GA = 146 L/min) supplied for all experi-
mental modes as well as the combustion air supplied for 
the CA/GA ratios of 2.8, 3.0, and 3.2 (CA = 408.8 L/min, 
438.0 L/min, and 467.2 L/min, respectively) favored simi-
lar airflow conditions, which led to find not statistical sig-
nificant variations of the answer variables (η, SECO, SENO, 
SENO2, and SETSPM) as a function of the CA/GA ratio.

3.2 � Energy efficiency

In Fig. 4, the energy efficiency results of the cookstove are 
presented as a function of the start type. The average effi-
ciency was 25.63% for the cold start (CS), while for the 
hot start (HS), the efficiency was 27.48%, representing an 
increase of ~ 7% when moving from CS to HS. The higher 
efficiency reached for the HS is ascribed to the remaining 
heat in the cookstove body, which favored higher tempera-
tures during the gasification process. Consequently, the 
gasification reactions were activated (Boudouard reaction, 
dehydrogenation, water–gas reaction, steam reforming, and 

Fig. 5   Specific CO and TSPM 
emissions from the gasification-
based cookstove as a function 
of the CA/GA ratio and start 
type under the modified WBT 
version 4.2.3

(a) CO specific emissions (b) TSPM specific emissions
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carbonization) [41]. These reactions promote a higher yield 
of fuel gases (CO, H2, and CH4), which are oxidized by the 
air injected in the combustion zone (denoted combustion-
air) and increase the energy released in the cookstove for 
boiling the water. Furthermore, the increment in the pro-
ducer gas low heating value, during the HS, favored that 
the CGE increased by 8% regarding that of CS (Table 2); 
consequently, the producer gas thermal power also increases 
under the hot start mode. Therefore, the thermal efficiency 
of the cookstove increases due to the higher concentration of 
fuel gases and their high heat release rate (see Table 2) [42, 
43]. Other authors have reported similar trends, Carter et al. 
[14] found thermal efficiencies for the cold start between 
26 and 27%, while for the hot start the efficiency ranged 
between 32 and 33%. The cookstove behavior was reached 
using the waste of pine trees as fuel with a moisture content 
of 5.84%. Quist et al. [44] reported that the thermal effi-
ciency of an improved gasification cookstove ranged from 
11.3% to 16.5% for the cold start and from 16.3 to 18.5% 
for the hot start, using unprocessed wood as fuel. Sonarkar 
et al. [17] characterized a gasification cookstove and found 
an efficiency of 26% for the cold start and 27% for the hot 
start under the WBT protocol, working with wood pellets as 
fuel. The packing factor of pellets is high due to its bulk den-
sity (Sect. 2.1), which causes that the radiative heat transfer 
penetration in the solid phase diminishes [45], and in conse-
quence, the biomass consumption rate diminishes, while the 
biochar yield increases [46, 47]. Hence, the energy supplied 
by the biomass to boil the water diminishes (denominator 
of Eq. (1)), whereby the thermal efficiency of the cookstove 
increases (Eq. (1)).

Figure 4 shows the average efficiency of the gasification-
based cookstove (average value of CS and HS, -average-) as 
a function of the CA/GA ratio. The cookstove reaches the 
maximum efficiency at CA/GA = 3.0 (η = 26.74%), which 
is attributed to a better mixture of combustion air with the 
ascending stream of the producer gas, promoting a suitable 
fuel gas oxidation; therefore, the heat release rate increases. 

A suitable mixture between the combustion air and the pro-
ducer gas favors a combustion efficiency improvement, and 
consequently, a high thermal efficiency of the gasification-
based cookstove [16, 48]. Nevertheless, the thermal effi-
ciency tends to diminish at CA/GA ratios higher than 3.2. If 
combustion-air flow increases, the homogeneous combustion 
zone (flame front) can be cooled, which reduces the com-
bustion temperature and the convective heat transfer toward 
the pot. Therefore, the cookstove efficiency decreases [16, 
49]. It is worth note that combustion air velocities used here 
are suitable because the combustion flame of the producer 
gas was not extinguished during the experimental campaign. 
Caubel et al. [50] reported a reduction in the thermal effi-
ciency from 27 to 24% by increasing the volumetric flow 
of secondary air from 21 L/min to 35 L/min. The fuel used 
was unprocessed wood. Deng et al. [51] concluded that a 
total air injection (92 L/min) does not supply enough air for 
a complete oxidation of the gaseous fuel derived from wood 
pellets gasification. Additionally, an excess in the total air 
intake (276 L/min) may promote a slight fuel gas retention 
inside the combustion zone, thus affecting the thermal effi-
ciency of the cookstove.

The values found in this study for the energy efficiency of 
the forced-draft gasification-based cookstove are comparable 
to other advanced technologies (rocket stove, Phillips stove, 
gasifier cookstove, and others) applied into cooking and 
based on biomass gasification, whose reported efficiencies 
reached values between 22 and 45% [17, 52–54]. Further-
more, it is highlighted that the efficiency of the gasification-
based biomass cookstove analyzed here, for CA/GA = 3.0, 
was 91% higher than the efficiency of traditional three-stone 
cookfires that achieved efficiencies up to ~ 14% [2, 55, 56]. 
The thermal efficiency is affected by the controllable process 
parameters associated with the cookstoves. Furthermore, 
the design conditions (such as refractory walls and combus-
tion chamber design) and the performance parameters (the 
energy released by the fuel and the energy delivered to the 
pot) directly influence the stoves’ thermal efficiency.

3.3 � Pollutant emissions

3.3.1 � Specific emissions of carbon monoxide (SECO, g/
MJd)

Figure 5a shows the specific emissions of carbon mon-
oxide (SECO) as a function of the start type and CA/GA 
ratio. The average emissions for SECO were 2.15 g/MJd and 
2.12 g/MJd during CS and HS, respectively. This slight 
reduction of ~ 2% when moving from CS to HS is a conse-
quence of the cookstove preheating when working under 
HS. With the preheated cookstove (HS), higher tempera-
tures are reached (~ 690 K) and, thus, the reactivity and 
oxidation of the fuel gas are favored [48]; consequently, 

Table 2   Parameters of gasification-based cookstove as a function of 
the start type (cold and hot)

Gasification parameters Start type

CS HS

Producer gas composition (vol%)
CO 10.98 13.31
CH4 2.48 3.17
H2 5.39 5.74
C3H8 0.08 0.11
LHVpg (MJ/Nm3) 2.93 3.53
CGE (%) 54.25 58.61
Ychar (wt%) 11.87 12.49
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CO emissions decrease by 0.03 g/MJd. The higher concen-
tration of CO and CH4 in the producer gas, under HS (see 
Table 2), favors the temperature increment in the oxida-
tion stage of the producer gas (combustion chamber). This 
temperature increment is ascribed to the increase of the 
producer gas heating value as well as of the heat release 
during its combustion [16]. On the other hand, under the 
CS stage, the CO-specific emissions increased by 8.5% as 
CA/GA ratio rose from 2.8 to 3.2. This CO increment was 
ascribed to the cooling effect that causes the high amount 
of combustion air supplied on the flame of the producer 
gas. Hence, the reduction of the flame temperature and 
the cookstove temperature (ambient temperature for CS) 
inhibit the oxidation reactions in the combustion chamber 
and, consequently, the CO-specific emissions tended to 
rise [57–60]. It is wort note that the specific CO emissions 
of our gasification-based cookstove diminished by ~ 86% 
(under cold and hot starts) regarding traditional three-
stone cookstoves (15.50 g/MJd) [56]. The values found 
in this work are comparable with the specific CO emis-
sions reported in the literature. Rapp et al.[61] reported 
specific CO emissions between 3 g/MJd and 7 g/MJd for 
gasification-based cookstoves evaluated under the WBT 
version 4.2.3; pine wood was used as fuel with a moisture 
content of 7%. Kshirsagar et al. [20] reported CO emis-
sions of 2.14 g/MJd in a hybrid (natural and forced draft) 
gasification stove characterized under WBT 4.3.2, using 
wood as fuel with 10.37% moisture content.

The average CO-specific emissions (CS and HS aver-
age) as a function of the CA/GA ratio are also presented in 
Fig. 5a. For CA/GA = 3.0, a minimum value of SECO was 
reached (1.80 g/MJd), while in the extremes (CA/GA = 2.8 
and 3.2), the CO specific emissions increased up to 2 g/
MJd and 2.01 g/MJd, respectively. The CA/GA = 3.0 ratio 
favored a homogeneous distribution of the combustion-
air through the combustion chamber. Consequently, the 
combustion efficiency of the producer gas increased [62] 
and so the SECO diminished by 0.2 g/MJd. These results 
meet the combustion theory, where both the defect and the 
excess of the air may cause the increase of CO-specific 
emissions [49]. A low CA/GA ratio means that a lower 
amount of secondary air is fed, which favors incomplete 
oxidation of the producer gas and, thus, increases CO 
emissions. Meanwhile, a greater amount of combustion 
air supplied (CA/GA = 3.2) may lead to reduce the tem-
perature in the combustion zone, mitigating the gasifica-
tion gas reactivity and, thus, increasing emissions [63]. 
Kirch et al. [64] characterized a TLUD stove using pine 
chips as fuel and reported volumetric flows of combustion 
air (~ 328 L/min) that did not provide enough oxygen for 
complete oxidation of the gas fuel; however, a limit of the 
combustion airflow (492 L/min) to avoid the cooling and 
extinguishing of the flame front was reported.

3.3.2 � TSPM specific emissions (SETSPM, mg/MJd)

Figure 5b shows the specific emissions of the total sus-
pended particle matter (SETSPM) as a function of the start 
type. For CS, an average emission of 67.50 mg/MJd was 
reached, while for HS, the average emissions increased 
up to 101.45 mg/MJd. This means that SETSPM increases 
by ~ 50% when the start types change from CS to HS. For 
the WBT test under HS, a more intense pyrolysis front is 
developed due to the higher temperature (~ 690 K) of the 
thermochemical conversion process (gasification), favoring 
tar formation. Tars are precursors of particle matter produc-
tion by mechanisms of reaction such as dehydrogenation and 
carbonization, which occur at a temperature of ~ 650 K [65]. 
Concerning the TSPM emissions for CS as a function of the 
CA/GA ratio, SETSPM follows a trend opposite to that of HS 
(Fig. 5b). For CS, the producer gas composition reached a 
lower tar concentration; C3H8 decreased by 27.27% when 
compared to the HS (Table 2). This reduction was a con-
sequence of the lower gasification temperature reached in 
the process because the cookstove was not preheated (cold 
start). Therefore, the low tar concentration contributed to 
inhibit the particle matter formation and, as a consequence, 
their emissions decreased [66]. Comparing the specific emis-
sions of TSPM between the reported traditional three-stone 
cookstoves, 219 mg/MJd and 347 mg/MJd [67, 68], and the 
emissions achieved by the gasification-based cookstove 
assessed here, it is highlighted that the improved cookstove 
reduced the TSPM emissions between 69 and 81%. The spe-
cific emissions of TSPM released by the TLUD cookstove 
are comparable and even lower than that those reported in 
the literature (reduction in emission of TSPM > 50% in con-
trast with other improved stoves to be shown next). Osei 
et al. [69] reported emissions of TSPM of about 932.73 mg/
MJd from a reverse-downdraft gasifier analyzed through 
the WBT protocol using rice husk as fuel. Boafo et al. [70] 
reported TSPM emissions between 220 mg/MJd and 430 mg/
MJd for gasification-based cookstoves characterized under 
WBT version 4.3.2, using charcoal produced from the Neem 
tree as fuel with a 9.3% moisture content.

Figure 5b shows the TSPM average emissions between 
CS and HS as a function of the CA/GA ratio. For CA/GA 
ratio = 3.0, the TSMP emissions reached a minimum value 
(78.32 mg/MJd), while the emissions of 87.37 mg/MJd and 
87.72 mg/MJd correspond to CA/GA ratios of 2.8 and 3.2, 
respectively. This increment of ~ 12% in the average TSPM, 
when moving from CA/GA = 3.0 to CA/GA ratio = 2.8, is 
a direct consequence of the oxygen deficit present in the 
combustion area that promotes incomplete combustion and 
the soot formation [71]. On the other hand, when moving 
from CA/GA = 3.0 to CA/GA = 3.2, the ~ 12% increase in 
the TSPM is attributed to a lessening of the flame front, 
which affects the reactivity of the producer gas, promoting 
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the formation of solid particles [22, 72]. It is worth noting 
that for CA/GA = 2.8, the variation of TSMP emissions is 
mild since the combustion air supplied for this condition 
(202 L/min) is the lowest airflow tested. Therefore, the resi-
dence time of particle matter, carried by the producer gas, 
increases in the combustion chamber; therefore, the oxida-
tion of particle matter is favored for both starts (cold and 
hot). Kshirsagar et al. [63] found an optimal emission factor 
of particle matter, 120 mg/MJd, associated with a proper 
relation between five controllable process parameters such 
as the relation between the intake area, the primary air and 
secondary air ratio, the separation of the pot, the surface/vol-
ume relation of the fuel, and the pot diameter. Lai et al.[73] 
concluded that the gasification-based cookstoves with pri-
mary air (gasification) and secondary air (combustion) con-
trol possibilities can achieve better combustion efficiency 
and low pollutant emissions of particle matter. Liu et al. 
[74] stated that the variability in CO emissions is highly 
related to the combustion efficiency, while the particle mat-
ter emissions are mainly affected by the biomass type and 
the cookstove model.

3.3.3 � Specific emissions of nitrogen oxides NOx ( SE
NOx

, mg/
MJd)

Figure 6a, b shows the NO and NO2 specific emissions, 
respectively, as a function of the start type and the CA/GA 
ratio. For the CS, the average SENO was 94.35 mg/MJd, while 
the average SENO2 was 51.94 mg/MJd. For the tests under 
HS, 72.62 mg/MJd was reached for SENO and 28.51 mg/MJd 
for SENO2, as average specific emissions. When moving 
from CS to HS, NO, and NO2 emissions attained a reduc-
tion of ~ 30% and ~ 45%, respectively. This reduction in NOx 
emissions was attributed to the higher biomass-air equiva-
lence ratio (Frg = 1.59) reached during HS, which produces 
fuel-rich zones (biomass) inside the gasifier during the gasi-
fication process, and consequently, a higher fuel gas yield 
(see Table 2), which favors the conversion of devolatilization 
products (including NH3 and NO2) in N2 due to the lean 
availability of O2 in the gasifier, whereby the NO formation 
from volatile species is inhibited [75, 76].

One of the main precursors of NO formation is the 
NH3 radical, which is formed at low reaction tempera-
tures (between 200 and 400 °C). NH3 is produced by the 
deamination reaction of unstable amine compounds and the 
decomposition of cellulose in biomass. Therefore, under 
CS, the NH3 present in the producer gas reacts to produce 
NO [77–79], whereas, during HS, the temperatures of the 
gasification process are higher than 700 °C [80, 81]. Conse-
quently, NH3 formation is inhibited by the activation of CO 
due to the reaction: NH3 + CO → HCN + H2O, which takes 
place in the temperature ranges between 700 and 900 °C 
[82]. Hence, NO emissions tend to decrease for HS and 

NOx emissions are attributed to the N content in the fuel. 
Bhattu et al. [21] reported an increase of ~ 3.6 times in the 
SENOx

  when changing the wood fuel to wheat pellets, which 
is attributed to the second fuel having a higher nitrogen con-
tent. Deng et al. [83] got average NOx specific emissions of 
20 mg/kgbms using wood pellets in a forced-draft gasifica-
tion-based cookstove. The NOx released from the biomass 
gasification is related to the fuel because the biomass has a 
high N content, and the combustion/gasification temperature 
is usually lower than the temperatures that favor the thermal 
formation of NOx (1300 °C) [84].

NO and NO2 and their average values for CS and HS 
are shown in Fig. 6a, b. A trend to increase NOx emissions 
with the CA/GA ratio is observed in both graphs. SENO went 
from 72.64 mg/MJd for CA/GA = 2.8 up to 92.28 mg/MJd for 
CA/GA = 3.2. Similarly, the SENO2 ranged from 34.13 mg/
MJd up to 45.01 mg/MJd for CA/GA = 2.8 and CA/GA = 3.2, 
respectively. Analogous trends to the ones found in this work 
were reported by Deng et al. [51], who analyzed the effect 
of the primary and secondary air injection on the NOx emis-
sions of a forced-draft gasification-based cookstove. NOx 
emissions increase from 805 to 1041 mg by increasing the 
total airflow from 92 to 276 L/min. The increment of the 
combustion-air mass flow causes NOx emissions to rise. 
Such increment is ascribed to the HCN + NH3 radical reac-
tion [85]. Therefore, it was worth noting that an excess in 
the total air injection may favor N of the fuel reaction with 
the oxygen to produce NOx.

In this work, the NOx average specific emissions for all 
operation modes of the gasification-based cookstove were 
123.72 mg/MJd, whose value is attributed to the low biomass 
N content (N, 0.02 wt%), see Fig. 6c. The NOx emissions 
measured are similar and even lower than those reported in 
the literature. Shrestha et al. [22] reported an average NOx 
emission factor of 336 mg/MJd for nine improved Chinese 
cookstoves, using pear wood as fuel. These emissions were 
attributed to the amount of nitrogen in the fuel (~ 1.31 wt%). 
Ozgen et al. [84] reached NOx emissions of ~ 76 mg/MJ from 
a home boiler used for heating, fed with lignocellulosic (wal-
nut shell) biomass as fuel (N < 0.4%wt). Kistler et al. [86] 
reported NOx emissions between 58 mg/MJ and 132 mg/MJ 
for a biomass cookstove fed with different fuels. Finally, 
Fachinger et al. [87] found an average NOx specific emission 
of 40 mg/MJ in a biomass-combustion advanced cookstove, 
using 11 hardwood species and 4 softwood species as fuel.

Thus, the NOx specific emissions found in this work 
are attributed to the reaction mechanism of the N-biomass 
oxidation. The biomass gasification in this cookstove does 
not reach temperatures (> 1300 °C) that promote NOx ther-
mal formation by atmospheric nitrogen oxidation [84, 88]. 
Therefore, the NOx formation in the cookstove is not favored 
due to a high gasification equivalence ratio (Frg = 1.59), 
which allows to reach fuel-rich zones (biomass-air), and 
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consequently, the NOx reduction in N2 is favored due to the 
limited availability of O2 in the gasification process, which 
inhibits the NO formation from volatile species [75, 89].

Concerning the producer gas oxidation in the combustion 
chamber, the adiabatic flame temperature of the producer gas 
has been calculated based on the first law of thermodynam-
ics applied to reactive systems [90] and is shown in Fig. 7. 
The calculi were carried out using the Engineering Equation 
Solver software (EES) by varying the CA/GA ratio between 
2.0 and 4.0. The adiabatic flame temperature decreases if 
the combustion air increases. This is a consequence of the 
cooling of the reaction zone (combustion chamber) caused 
by the excess combustion air supplied (see Fig. 7). There-
fore, according to Fig. 7, under HS conditions, the producer 
gas adiabatic flame temperature is higher than that of CS 
(> 200 °C). Nevertheless, the adiabatic flame temperature 
decreases if CA/GA ratio increases; this behavior is caused 
by the excess of combustion air, which leads to decrease 
the flame temperature because a high amount of flue gases 
is heated by the same mass of the producer gas. Therefore, 
based on the maximum adiabatic flame temperature of the 
producer gas (~1000 °C), it is highlighted that the trends of 
the NOx emissions from the TLUD cookstove analyzed here 
could be attributed to the N-biomass activation [36, 91, 92].

The reduction of the NOx specific emissions contributes 
to the improvement of the indoor air quality because pro-
longed exposure to this gaseous pollutant irritates the res-
piratory system and, in some cases, may promote the onset 
of chronic respiratory diseases. NOx is a precursor in form-
ing ground-level ozone (O3), which is the main component 
of smog. Besides, when NOx reacts with ammonia (NH3) 
present in the atmosphere, it becomes the main contributing 
factor in secondary soot formation (PM2.5) [93]. Prolonged 
exposition to high concentrations of O3 and PM2.5 brings 
about respiratory problems, such as asthma and pneumonia, 
bronchitis, and lung capacity reduction [5, 87]. The NOx 

is the main forming agents of N2O, which is an important 
greenhouse gas. Furthermore, N2O promotes soil acidifica-
tion, lake, and river eutrophication, and consequently, the 
biologic biodiversity is adversely affected [5].

3.4 � Energy characterization of the gasification 
process

The thermodynamic characterization of the gasification pro-
cess was assessed as a function of the start type (CS, HS) 
of the WBT protocol. Table 2 shows the answer variables 
of the gasification process, such as the composition and low 
heating value (LHVpg) of the producer gas, the cold gas 
efficiency (CGE), and the biochar yield (Ychar). From CS to 
HS, an increase in the concentration of gaseous fuels such 
as CO (~ 22%), CH4 (~ 28%), and H2 (~ 7%) was observed. 
The higher concentration of fuel gases for HS is attributed 
to the fact that gasification reactions (Boudouard reaction, 
dehydrogenation, water–gas reaction, steam reforming, and 
carbonization) were favored by the preheating induced in 
the cookstove [94, 95]. Consequently, LHVpg increases due 
to the higher volumetric concentration of the gaseous fuels 
(CO, CH4, and H2) [96]. LHVpg went from 2.93 MJ/Nm3 
under CS condition up to 3.53 MJ/Nm3 for HS. Therefore, 
the cold gas efficiency (CGE) increased from 54.25% in the 
CS condition up to 58.61% under HS. Therefore, the CGE 
increment is attributed to the increase of the LVHpg because 
the energy supplied by the biomass is constant.

The char yield increased by ~ 5% when going from 
11.87% in the CS condition up to 12.49% under HS. The 
intensification of the pyro-combustion front promoted by 
the higher temperatures reached under HS mode allows to 
increase the LHVpg. The high energy content of the gaseous 
fuel contributes to reducing the cooking time in the cook-
stove, and in consequence, the biochar yield increases. Thus, 
it is highlighted that the biochar yield rises under HS con-
ditions due to the inverse relationship between the biochar 
yield and the cooking time [97].

4 � Conclusions

In this work, an optimal air flow ratio (CA/GA = 3.0) was 
found because it favored the highest thermal efficiency of 
the gasification-based cookstove (~ 26.74%). The homogene-
ous mixture between the combustion-air and the producer 
gas fostered a suitable oxidation of the gaseous fuel. Conse-
quently, the heat release rate to the pot increased.

The specific emissions of CO and TSPM reached mini-
mum values for CA/GA = 3.0, 1.8 g/MJd, and 78.32 mg/MJd, 
respectively. The minimum emissions of CO are ascribed to 
the suitable combustion air supply that favored the producer 
gas oxidation promoting the transformation of CO into CO2. 
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However, NOx emissions tend to rise with the combustion 
air injection (for both conditions, CS and HS). The nitro-
gen activation present in the fuel is attributed to its reaction 
with the O2 excess (CA/GA > 3.0) since the requirements 
for the thermal formation of NOx, associated with reaction 
temperatures higher than 1300 °C, were not achieved in the 
TLUD cookstove.

The gasification process reached a better energy behav-
ior during hot start condition, which is attributed to the 
cookstove preheating. The remaining heat in the cookstove 
body favored the gasification stages. Consequently, CO, H2, 
and CH4 concentrations increased, improving the LHVpg 
by ~ 20%, which leads to increase CGE and Ychar by ~ 8% 
and 5%, respectively. Therefore, the thermal efficiency of the 
gasification-based cookstove increased by ~ 7%.
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