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ABSTRACT: Traditional cook stoves are energetic inefficient and demands high quantity of fuelwood. The aim
of this study is to build a portable and efficient cooking stove based on the rocket stove technology that are
projected to make better use of the energy released in combustion with lower fuel consumption and gas emission
(CO,, CO and SO,) than traditional stoves. Our prototype was built with recyclable metal materials and glass
particles for thermal insulation of the combustion chamber. Nine Eucalyptus species were used as fuel. The cook
stove evaluation occurred by the determination of thermal energy efficiency and fuel consumption, as well as
estimated measurements of the thermal power and released gas amount (CO,, CO e SO,). The average energy
efficiency reached the range from 6.8% to 10.4%, with a fuel wood consumption of about 0.1 kg for each 20-
minute operation. Thermal power was from 94.1 to 326.0 W, and the gas level was about 0.2 Nm%/kg CO,, 0.02
Nm¥/kg CO, and 10~ Nm3/kg SO,. The thermal efficiency of our prototype exceeded twice than the values of
traditional stoves in Irati city that are range from 2.9 to 4.6%, having the improved cook stove similar value of
other world stoves. Our prototype presents a promising result in addition to offer a low production cost.
Keywords: rocket stove; biomass from planted forest; efficiency; gas emissions.

Avaliacao da qualidade energética de um prototipo de fogdo a lenha portatil para
nove espécies de eucalipto

RESUMO: Os fogoes tradicionais sdo energeticamente ineficientes ¢ exigem alta quantidade de lenha. O
objetivo desta pesquisa consiste na construgdo de um fogdo a lenha portatil e eficiente, baseado na tecnologia
rocket stove. Esses fogdes sdo projetados para um menor consumo de lenha e uma menor emissao de gases (COs,
CO e S0O;). O protdtipo foi construido com materiais metélicos reciclaveis e vidro moido para isolamento térmico
da camera de combustdo. Nove espécies de Eucalyptus foram utilizadas como combustivel. A avaliagdo da
qualidade energética do fogdo ocorreu mediante a determinacdo da eficiéncia energética e consumo de
combustivel, bem como por estimativas da poténcia calorifica e quantidade de gases liberados na combustéo
(CO,, CO e SO,). A eficiéncia energética média alcangou a faixa de 6,8% a 10,4%, com consumo de combustivel
em torno de 0,1 kg para cada 20 minutos de funcionamento. A poténcia situou-se entre 94,1 e 326,0 W e os teores
de gases foram 0,2 Nm3/kg de CO», 0,02 Nm*/kg de CO e 10 Nm?/kg para SO,. As medidas de eficiéncia do
protétipo desenvolvido superaram medidas similares de fogdes a lenha metalicos residenciais da mesma cidade
de Irati, os quais se situam entre 2,9 e 4,6%, tendo o fogdo melhorado valor semelhante de outros paises. Portanto,
esse prototipo apresentou um resultado bastante promissor, além de oferecer um baixo custo de produgao.
Palavras-chave: fogdo melhorado; biomassa de floresta plantada; eficiéncia; emissdo de gases.
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1. INTRODUCTION

The modernization of the production and subsistence
activities has emphasized the desire to create a self-sufficient
energy rural society that produces virtually all that is required,
being supplied by renewable energies with fuel wood from
planted trees (CASTRO; CORTE, 1998; CASH et al., 2003).

Alternative energy sources as biomass, which cannot
totally replace the petroleum, coal, natural gas and its
derivatives, can contribute to reduce fossil fuel consumption
that must play a central role in sustainable development
(SOUZA et al., 2012).

Eucalyptus trees have emerged as one of more efficient
fuelwood species applied for biomass energy, which is

emphasized by Miiller et al. (2005), Kidanu et al. (2005),
Rockwood et al. (2008), Zanuncio et al. (2013), Gabrielle et
al. (2013), Brand et al. (2014), among others.

For every six people worldwide, two use the fuelwood as the
main energy source, particularly in households in developing
countries, mainly for cooking and electricity generation
processes. For every two harvested trees on the planet, one is
directed used to energy generation (BRITO; CINTRA, 2004;
BRITO, 2007; BRAND, 2010).

The biomass resources and the full range of technologies
available for heat or electricity generation, both at small and
large scales, can provide good opportunities for increased
bioenergy production (SCARLAT et al., 2011). Brazil is a
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tropical country with widespread availability of lands with a
high solar radiation. The condition stimulates the naturally
grown of Forest. The biomass is abundant and can be widely
used for energy purposes.

Wood for energy generation in Brazil has been historically
linked to charcoal production following by residential,
industrial and agricultural consumptions (SANTOS et al.,
2012). The utilization of firewood for combustion processes in
households has a substantial contribution, from a long-term
view, to environmental impacts and sustainability (NOSEK et
al., 2016).

According to data from National Energy Balance
(EMPRESA DE PESQUISA ENERGETICA, 2018),
fuelwood and charcoal has a significant share of 8 % in energy
production by resource, having 24,5 % fuelwood consumption
in residential sector, used mainly for cooking, and in a small
scale, for house heating in temperate regions (ROSILLO-
CALLE et al., 2005; SEIXAS et al., 2006).

In the context of thermal energy consumption by
households, firewood has an interesting participation
equivalent to the liquefied petroleum gas (26,5%), which
according to Brito (2007) has been the natural replacement in
most urban homes, and unlike fuelwood, it always has official
incentive policies.

Biomass energy is traditionally used for direct combustion,
burning mainly in cook stoves as fuelwood and less as
charcoal. The variable efficiency of these stoves depends on
the conversion rate of fuelwood energy in heat, technology,
and construction type. Whereas gas and electric stoves can
respectively present 57% and 50% of energy efficiency,
firewood stoves can have these indexes in a range from 5% to
35% (NOGUEIRA; LORA, 2003).

Popular in rural areas, most traditional cook stoves have a
poor energy level, whereas they have a rapid and low efficient
burning. These cook stoves produce large volatile and
pollutant particles emissions, which could cause respiratory
failures, eye diseases, chronic bronchitis, skin darkening, and
cancer in human beings (NORTHCROSS et al., 2012).

Inefficient cook stoves enhance toxic gas emissions such
as carbon monoxide, promoting a large fuelwood
consumption. Furthermore, it promotes the increase of
deforestation rates, once most of the firewood used in stoves
does not come from planted forests, but from native forests
(BORGES, 1994).

Due to disadvantages of the conventional firewood stoves,
a more efficient one would provide an appropriate time for
cooking food with a more complete and cleaner combustion,
having lower cost and lower physical efforts to collect and
stock the firewood. Finally, the use of fuelwood from planted
forests and the lower fuel consumption for these stoves will
contribute to decrease the deforestation rates in Brazil,
especially in native tropical forests.

This research aimed to build a portable improved cook
stove by the “rocket stove” technology and to evaluate its
energetic quality (energy efficiency, thermal power, fuel
consumption, and gas release) through nine species from the
Eucalyptus forest planting located at the Forestry College at
Irati city, Brazil.

2. MATERIAL AND METHODS
2.1. Firewood stove

The portable metal stove prototype studied here was built
from scraps acquired in junkyard at Irati city in Parand State,

Nativa, Sinop, v. 7, n. 6, p. 771-777, nov./dez. 2019.

Brazil. Thus, it was entirely manufactured from recyclable
materials, fulfilling the goal of an easier accessibility for whole
community.

The improved cook stove has 26,861 cm?®, and a cylindrical
wall in brass (copper and zinc) with a prismatic central tube of
cast iron in “L” shape (combustion chamber). Figure 1 shows
the firewood prototype and a real image of the built stove. The
combustion chamber was thermally insulated with ground
glass with a density of 0.8 g/cm®. The volume of insulating

space is 18,458 cm®.
pene IO CER
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(©)
Figure 1. Cook stove prototype: (a) longitudinal section of the project,
(b) transverse section of the project, and (c) real image.
Figura 1. Protétipo do fogdo a lenha: (a) se¢do longitudinal do
projeto, (b) sec¢do transversal do projeto e (c) imagem real.

2.2. Eucalyptus fuel

The fuelwood used in this study was collected in an area
with nine Eucalyptus species of TUME-Project (Forestry
College of Irati), whose planting occurred in 2000. The
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evaluated species were E. citriodora, E. saligna, E. urophylla,
E. grandis, E. urograndis, E. propinqua, E. pellita, E.
camaldulensis and E. tereticornis. The experiment spacing is
2.0 x 2.5 meters, with planting area by species of 880 m2, with
176 trees in each block.

After the previous species identification, an exsiccate of
each wood specimen was collected, constituted by branches

Table 1. Data of the species incorporated into the HUCO herbarium.

containing only leaves, for evidential deposit in UNICENTRO
herbarium (HUCO), at the Campus of Irati. Each species was
identified with registration number (NR), trees of planting by
species (NA), and the average value of wood moisture content
(MC) with its standard deviation by species (Table 1). The tree
samples collectors were indicated by their respective last
names.

Tabela 1. Dados das espécies incorporadas ao acervo do herbario HUCO.

Eucalyptus species NR Collectors NA MC [%]
Eucalyptus propingua Deane & Maiden HUCO 5860 Favaro 61 14.3+0.2
FEucalyptus saligna Sm HUCO 5857 Margraf 129 15.2£1.0
Eucalyptus urograndis HUCO 5861 Favaro 88 13.840.1
Eucalyptus grandis Hill ex Maiden HUCO 5862 Favaro 97 14.5+0.4
Eucalyptus citriodora Hook HUCO 5858 Margraf 43 13.5¢1.9
Eucalyptus urophylla S. T. Blake HUCO 5859 Margraf 93 20.8+1.3
Eucalyptus pellita F. Muell HUCO 5863 Kluger 54 13.7£1.0
FEucalyptus camaldulensis Dehn HUCO 5864 Kluger 78 14.4+0.4
FEucalyptus tereticornis Sm HUCO 5865 Kluger 89 14.240.3

NR = HUCO identifier; NA = sample number; MC = moisture content.

2.3. Fuel evaluation

Fuelwood was collected from branches arranged on the
plot soil, with average diameters about 5 centimeters, and then,
they were cut into small logs with a length of 30 centimeters.
Each small log was numbered, weighed and packed in
polystyrene boxes, avoiding the moisture content variation.
Similarly to the approach of Machado et al. (2014), the
determination of timber moisture content (dry basis) consisted
in placing four small logs (representative in the sample) into
the drying oven to 105°C, with successive weighing to obtain
constant mass.

The moisture content (MC) is given by the following
equation (NBR 8112, 1986), where m; is the initial mass, and
mgq is the dry mass of the sample:

mj—mqg

MC(%) = 100 x M

mg
Higher heating value (HHV) was determined using the
data from proximate analysis, through the following equation
proposed by Parikh et al. (2005), where HHV is the higher
heating value (kcal kg™'), FC fixed carbon (%), VM volatile
matter (%), and A ash content (%), Eq.02:

HHV = 84.5104 FC + 37.2601 VM — 1.8642 A (2)

By means of the obtained Eq.02, according to following
Eq.03 (DOAT, 1977, BRAND, 2010; CORTEZ et al., 2009),
it was determined the lower heating value (LHV, kcal kg ),
where H is the hydrogen content (%):

LHV = HHV — (600 x 0.09 H) 3)
With the values of moisture content of firewood (Table 1)
and the lower heating value (Eq. 03), it was calculated the net
heating value (NHV, kcal kg ') from the Eq. 04, (BRAND,
2010), where MC is the moisture content (%):
NHV = LHV (1 — 0.01 MC) — (600 x 0.01 MC) 4)

The firewood stove efficiency was calculated through the
evaluation of the amount of heat absorbed by the water in a

metal pan (Quserur) and the amount of heat provided by the fuel
(Qwood) (NOGUEIRA; LORA, 2003). Five repetitions were
performed. Each test lasted 20 minutes and it consisted in to
weigh certain amount of fuel, before and after the heating of 2
kg of water, without the boiling occurrence, in a metal pan with
lid with 3 liters of capacity.

During each test, the temperature measurements were
taken every 5 minutes (MACHADO et al., 2014). The lid was
attached to a central shaft (axis) with a bottom propeller,
allowing the mechanical agitation of water for temperature
homogenization. After the preheating of the drying oven, the
first test occurred with covered pan, except when the
temperature measurements were realized. Thus, the pan was
placed on the stove prototype only when the firewood had
started its combustion process (MACHADO et al., 2014).

With the help of the basic function of Calorimetry in the
Eq. 05, the useful heat absorbed by the water in the pan (Quseful,
kcal) is calculated, where mmo is the mass of water to be
heated [kg], Cnao is the specific heat of water [kcal kg™ °C'],
and ATmo (°C) is the difference of temperature between the
beginning and end of the test.

Quseful = My,0 X Cx,0 X ATy, 0 (%)

After 20 minutes of each test, the fire was erased, and all
the residual firewood inside the combustion chamber was
taken to be weighed. To achieve a precise weighing, the
burning residues were removed from the stove chamber and
stored in sealed aluminum containers into polystyrene boxes
for cooling, and then, they were weighed in a semi-analytical
balance (MACHADO et al., 2014).

From the Eq.06, it was calculated the total heat provided
by the fuel wood combustion (Qweod, kcal). In this expression
mg is the mass of fuel consumed in water heating (difference
between initial mass of firewood and combustion residual, kg)
and NHYV is the net heating value of the firewood.

Qwood = NHV X my (6)

Through the obtained results for useful heat and the energy
released by burning of wood, it was calculated the efficiency
of the cook stove (Ef, %):
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Ef =100 x 2usefut (7)

wood

The calorific power of the portable stove (Pf) was obtained
by the Eq.08, which involves the burning time of firewood
(At). The other values were determined in previous
calculations.

_ mgxNHVXEf

pf =Tt (®)

It was estimated by the improved cook stove the amount of
the gases of carbon dioxide (COy), sulfur dioxide (SO3), and
carbon monoxide (CO) released during burning process
(MACHADO et al., 2014).

According to the scientific literature, the average quantity
of CO released in the incomplete combustion of fuelwood in
the cook stove is about 10% of the gas content of the carbon
burning (JOSHI et al., 1989). With the values of elementary
analysis from literature, it was possible to present a balanced
equation for the firewood combustion, to determine the CO,
CO; and SO, contents released by burning of 1kg of fuel, for
each test, through the gases densities in the standard
temperature and pressure, STP (MACHADO et al., 2014).

The elemental analysis was obtained by Cortez et al.
(2009), dry basis, having 49% carbon (C), 5.87% hydrogen
(H), 43.97% oxygen (O), 0.3% nitrogen (N), 0.01% sulfur (S)
and 0.72% ashes (A). If all carbon in the fuel reacts during the
combustion is assumed, producing only CO, and CO (with
conversion of 90% of carbon in COzand 10% in CO), and that
sulfur is fully converted in SO,, hydrogen in H>O, and nitrogen
in Ny, the overall equation for combustion of 100 kg of
Eucalyptus gender, in air (3.76 O + Ny), is expressed by the

following Eq.09, according to Joshi et al. (1989) and Zhang et
al. (1999):

3.49C + 5.03H + 2.350 + 0.018N + 0.00026S + 1.66H,0 +
0.617 + 3.40(0, + 3.76N;) + 3.14C0;, + 0.350C0 +
0.0002650, + 2.51H,0 + 12.81N, + 1.66H,0 + 12.81N, +
1.66H,0 + 0.617 )

In statistical analysis, the influence of the fuel wood type
in the response variables of interest was evaluated using
analysis of variance (ANOVA) of Kruskal-Wallis (non-
parametric) and stepwise multiple comparisons of Student-
Newman-Keuls, with the support of the software BioEstat
version 5.0. The significance level (o) for ANOVA was 5%
and the null hypothesis (Ho) formulated was the equivalence
of means, implying the non-equivalence between means for
the alternative hypothesis (H;). Additionally, through this
statistical analysis, the energy efficiency data from this study
were compared with the results investigated by Lau et al.
(2013), where three models of residential and traditional cook
stoves were evaluated. The investigated responses by ANOVA
were efficiency, power, burned mass, and released gases from
combustion (CO,, SO, and CO) for five samples per variable.

3. RESULTS

The Table 2 presents the energetic properties and gas
quantity released by the improved cook stove. The cook stove
efficiency and thermal power depends on the eucalyptus specie
used in the combustion, where higher efficiency is followed by
a tendency to decrease the quantity of burning wood. However,
the statistical analyses from Table 3 shows that, except for
Eucalyptus camaldulensis, there is no significate correlation
between the efficiency and the fuelwood specie using to
produce heat energy.

Table 2. Results of the obtained variables for each Eucalyptus sp. used as fuelwood in the cook stove.
Tabela2. Resultados das propriedades obtidas para cada lenha de eucalipto usado como combustivel no fogdo a lenha.

A Ef (%) Pf (W) mq (kg) CO; (Nm/kg) CO (Nm’/kg) SO; (Nm’/kg)

9.8+13 127.6£12.2 0.140.0 0.20.0 0.02£0.0 1.5%10°+0
2 8.7+1.0 140.6+18.4 0.1+0.0 0.240.0 0.02+0.0 1.5%10°+0
3 8.740.5 163.9421.5 0.1£0.0 0.240.0 0.02+0.0 1.5%10°0
4 10.4+2.0 326.0+54.4 0.20.0 0.240.0 0.0240.0 1.4x105%0
5 42408 175.5435.6 0.3+0.0 0.2+0.0 0.030.0 2.0x105%0
6 3.540.7 181.3+49.7 0.40.1 03+0.1 0.03£0.0 7.4x105%0
7 8.5+0.6 131.5419.8 0.140.0 0.2+0.0 0.0240.0 1.5x105%0
8 6.8+1.0 116.5424.1 0.140.0 0.2+0.0 0.0240.0 1.5%105%0
9 7.041.2 94.1449.9 0.140.0 0.2+0.0 0.020.0 1.5%10°5+0

A: Species; Ef: Efficiency; mq: mass of fuel consumed in water heating; CO,: carbon dioxide content; CO: carbon monoxide content; SO,: sulfur dioxide
content; 1: Eucalyptus propinqua; 2: Eucalyptus urograndis; 3: Eucalyptus grandis; 4: Eucalyptus saligna; 5: Corymbia citriodora; 6: Eucalyptus urophylla;

7: Eucalyptus pellita; 8: Eucalyptus camaldulensis; 9: Eucalyptus tereticornis.

Table 3 presents the results for the analysis of variance
according to Kruskal-Wallis test for the different fuelwood
species, and the results of the stepwise multiple comparisons
of Student-Newman-Keuls. Similar letters imply in treatments
with means statistically equivalent.

The quantity of burning wood in the combustion chamber
depends on the fuel wood species, where E. grandis, E.
saligna, Corymbia citriodora and E. urophylla produce about
twice higher quantity of burning wood than the others. The
statistical analyses indicate that the different behavior among
the fuel wood species, in the combustion reactions, do not
affect directly the efficiency of the cook stove, however the
thermal power increase significantly for the Eucalyptus
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species that produce a higher quantity of burning wood, Table
3.

The statistical analysis also shows that the difference in
volume of released gases during combustion (SO,, CO, and
CO) among all species studied here are not significant,
providing equivalent values independent of the fuel wood
used, with a CO, volume about ten times higher than CO gas.
Fuel eucalyptus wood presents only traces of SO, gas.

Traditional cook stoves from Lau et al. (2013) research
have twice lower energy efficiency (Ref 1: 2.9%+0.3; Ref 2:
2.6%+0.5; Ref 3: 4.6%+0.2) than the improved one presents in
our study (p-value < 0.05), Table 4.
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Table 3. Results of statistical analysis of Kruskal-Wallis and Student-Newman-Keuls.
Tabela3. Resultados da analise estatistica de Kruskal-Wallis ¢ Student-Newman-Keuls.

Responses Efficiency Burned mass Power Volume CO2 Volume SOz Volume CO
P-value 0.003 0000 0.000 0.779 0.763 0.752
1 ABC D C A A A
2 ABC D C A A A
3 ABC BCD ABC A A A
4 A A A A A A
5 AB BC B A A A
6 AB AB A A A A
7 ABC D C A A A
8 C D C A A A
9 BC D C A A A

1: Eucalyptus propinqua; 2: Eucalyptus urograndis; 3: Eucalyptus grandis; 4: Eucalyptus saligna; 5: Corymbia citriodora; 6: Eucalyptus urophylla; 7:

Eucalyptus pellita; 8: Eucalyptus camaldulensis; 9: Eucalyptus tereticornis.

Table 4. Results of statistical analysis of Kruskal-Wallis and Student-
Newman-Keuls with the grouping by efficiency of stove.

Tabela 4. Resultados da analise estatistica de Kruskal-Wallis e
Student-Newman-Keuls com o agrupamento por eficiéncia do fogdo.

Species DF  p-value  Eucaliptus ~ Ref Ref Ref
1 3 0.0009 A C C B
2 3 0.0009 A C C B
3 3 0.0009 A C C B
4 3 0.0009 A BC C B
5 3 0.0009 A B B B
6 3 0.0009 A C C B
7 3 0.0009 A C C B
8 3 0.0009 A C C B
9 3 0.0009 A C C B

DF: degrees of freedom; 1: Eucalyptus propinqua; 2: Eucalyptus urograndis;
3: Eucalyptus grandis; 4: Eucalyptus saligna; 5: Corymbia citriodora; 6:
Eucalyptus urophylla; 7: Eucalyptus pellita; 8: Eucalyptus camaldulensis; 9:
Eucalyptus tereticornis.

4. DISCUSSION

Improved cook stove using rocket stove technology is also
called “fuel saving stove” or “fogdo poupa-lenha” in
Portuguese language. In traditional cook stoves, during the
combustion of fuelwood, the heat usually is diffusely released.
In contrast, in rocket stoves there is a heat concentration in a
single direction, which requires in the preparation and cooking
of food, using less fuelwood than traditional stoves. In the
improved cook stove, the combustion chamber is thermally
insulated, which results in a lower heat loss to the metal walls
area, better mixture of fuel and oxygen, as well as, a better
channeling of volatiles from burning process. In summary, its
operation is based on the heat concentration in the combustion
chamber (McCracken and Smith, 1998).

Comparing our study to the traditional cook stove of Lau
et al. (2013), we note that despite the existence of gas stoves
inside the household kitchens, it is observed that the
population from Irati city, in Parana state, especially those that
lives in remote and rural areas, still makes a frequent and
significant use of traditional cook stoves.

Our result indicates a potential risk to the cook stove user’s
health, due to the release of toxic CO gas in the smoke from
the burning process, because of that the cook stove cannot be
used without a chimney inside the household kitchens. Gas of
released CO, from fuelwood is less polluting than fossil fuel
because CO, is consumed by trees’ wood during
photosynthesis process. Another advantage of the eucalyptus
biomass from planted forest is its low sulfur content that

provides a decrease of the sulfuric acid formation in the
environment (Joshi et al, 1989).

About the cook stove proposed to other researchers in the
world, the energetic performance of an improved cook stoves
used in Guatemala has 13.7% efficiency, which is similar to
that found in our research (McCracken; Smith, 1998)
However, it is not possible to compare directly our results
because the energetic efficiency was measured using the
methodology named Water Boiling Test (WBT) method,
different from our study. Damark (2009) also reported that
cook stoves available in Ghana have thermal efficiency from
8 to 15%, using charcoal as fuel with improve the quantity of
toxic CO gas during fuel burning. In the study presented by
Ballard-Tremeer; Jawurek (1996) the efficiency of an
improved stove achieves 21%, presenting the highest energy
efficiency than other and our studies, although there is no
much information about the technology used to build this cook
stove.

The reference-stoves from the study of Lau et al. (2013)
have about twice lower thermal efficiency in the use of fuel,
due to the heat loss through the metal walls without thermal
isolation. Therefore, the isolation of the combustion chamber
in the proposed prototype ensured a better use of useful energy,
with a good potential for practical applications.

5. CONCLUSIONS

Although the nine varieties of Eucalyptus species

investigated in this research have no significant influence on
the thermal efficiency of the improved cook stove, Eucalyptus
gender proved to be an appropriate fuelwood biomass for this
purpose, due to the higher energy efficiency of the improved
cook stove than traditional one, proving its energy and
environmental advantages due to the fuelwood comes from
planted forest.
Most methods for evaluation of firewood stoves are based only
on the thermal performance of the equipment, ignoring the
pollutant emissions. However, these stoves release large
amounts of volatile and toxic gases, which are harmful to the
user’s health. Our improved cook stove release toxic CO gas
and traces of SO, gas.

The prototype showed higher performance when compared
with traditional stoves in Brazil, and a similar performance
when compared to other countries, evidenced by the low cost
and of its easy construction and use practicality. Furthermore,
has been proved that the prototype is an alternative that
integrates social, economic and sustainable improvements
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when compared to the traditional stoves that uses wood
charcoal to energy production.
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