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Abstract

In Sub-Saharan countries, cooking is usually done at a domestic scale using rudimentary stoves with wood or charcoal
as combustibles. To improve the cooking behavior and reduce the deforestation, an improved pellet cookstove was
conceptualized with guiding ideas in mind such as simplicity, robustness and ability to burn pellets built with local wood
residues under a natural draught. Combustion and water ebullition tests were performed with two configurations of
the upper part of the cookstove: thick steel plate or ring, and with standardized EN+ pellets as combustible. The main
pollutant gases (CO, CO, and NOx), together with O,, were continuously measured at different positions of the cook-
stove during a water ebullition test with the ring configuration. The levels measured above the pot were lower than the
thresholds currently proposed by the World Health Organization. Simple and phenomenological thermal models were
proposed to simulate the plate, or ring, and water temperatures during the combustion or water ebullition tests and to
determine the intrinsic convection coefficients. The maximal relative differences between the experimental and simulated
temperatures were computed between 7 and 21%. The stove power was evaluated at 4336 + 23 W.The cookstove yield
for the water ebullition test with the ring configuration was computed equal to 12.3 £0.1%, slightly lower than that of
cookstoves previously analyzed in the literature.

Keywords Improved pellet cookstove - EN+ pellet - Thermal modeling - Water ebullition test - Cookstove yield - Gas
concentrations

Abbreviations C,,  Ring specific heat, 897.5 ) kg™ K™
C Carbon contents in the pellets on wet basis, % Cowa Water specific heat, 4850.0 J kg™' K™
vol. C, Carbon contents of the residues, 0.045% of mass
co Carbon oxide in the fume, ppm % Pellet mass rate, 0.9/3600 kg s
Co, Carbon dioxide in the fume, % vol. dt Time increment, s
Cofg  Specific heat of dry flue gas in standard condi- dT,, Plate temperature increment, K
tions, JK ' m™3 dT,,  Pottemperature increment, K
Cotqw  Specific heat of water vapor in flue gases in dr, Ring temperature increment, K
standard conditions, JK™' m™ Fonole View factor from burner to ring hole, 1.26%
Cp,p| Plate specific heat, 440.0 J kg‘1 K Fb,p| View factor from burner to plate, 6.37%
opo POt specific heat, 897.5 ) kg™ K™ For View factor from burner to ring, 5.11%
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Gy Actual specific dry flue gas volume, Nm?3 kg™

w Actual specific wet flue gas volume, Nm3 kg™

hen, ~ Convection coefficient of the horizontal bottom
or top face of the pot, Wm =2 K

hep  Convection coefficient of the horizontal face of
the plate, Wm=2 K™

h.y  Convection coefficient of the vertical face of the
pot, Wm™—2 K™

H Hydrogen contents in the pellets on wet basis, %
of mass

HHV  Pellet Higher Heating Value on raw basis, MJ kg™

hi,p Convection coefficient (lower face of the plate),
Wm=2 K™

hi,r Convection coefficient (lower face of the ring),
Wm=2 K™

k Global heat transfer coefficient between the

higher face of the plate or ring and the bottom
of the pot, Wm™2 K™

LHV  Pellet Lower Heating Value on dry and ash free
basis, MJ kg™

M Moisture contents in the pellets, % of mass

Plate weight, 10.95 kg

m Pot weight, 1.50 kg

m, Ring weight, 8.79 kg

Water weight, 5.0 kg

NA Avogadro number, 6.02 x 10%*> mol™"

NO Nitrogen oxide in the fume, ppm

NO, Nitrogen dioxide in the fume, ppm

0, Oxygen in the fume, % of mass

P, Power associated with convection from the ring,
w

Ps, Power associated with heat losses in the flue gas,
w

Pru, Power associated with latent heat losses in the

fume, referred to the pellet unit mass, W
Pws  Powerassociated with sensitive heat losses in
the fume, referred to the pellet unit mass, W
Power associated with heat losses by downwards
radiation from the ashtray, W
Pp Power associated with heat losses by upwards
radiation from the burner, W
Cookstove power, W
Q, Sensitive heat losses in the flue gas per unit fuel
kilogram, kJ kg™
Qpe Pellet heat, J
Q,. Waterheat,)
Iy Burner radius, 0.06 m
Plate radius, 0.18 m
Ashtray area, 0.0113 m?
Sy Burner area, 0.0113 m?
Shole  Ring hole area, 0.0201 m?
S Bottom pot area, 0.0616 m?

po,h
Spoy  Lateral pot area, 0.2463 m?
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Total pot area, 0.3079 m?

po,t
Spis  Plate face area, 0.1379 m?
Spit  Total plate area, 0.2892 m?

Sef Ring face area, 0.0817 m?
Set Total ring area, 0.1797 m?

T.mp  Ambient temperature, K

T, Ashtray temperature, K

Ty Burner temperature, K

Ta Flame temperature, K

Te Fume temperature at the exhaust of the cook-

stove, K
Tein  Fume temperature close to the burner, K

Trout FUme temperature close to the lower face of the
plate or ring, K

Tl Plate temperature, K

Too Pot temperature, K

T, Ring temperature, K

Greek Letters
£, Ashtray emissivity, 0.9

£y Burner emissivity, 0.9

g Flame emissivity, 0.4

Ep| Plate emissivity, 0.85

€po Pot emissivity, 1.0

£ Ring emissivity, 0.85

b Fume flow, Nm3s™!

o} Stefan-Boltzmann constant, 5.67 x 1078 Wm™2 K™*
n Cookstove yield, %

1 Introduction

In Sub-Saharan countries, cooking is usually done at a
domestic scale using rudimentary stoves among which
the most familiar is the three-stone one [26]. People here
mainly use charcoal, wood residue or biomass as combusti-
ble. The efficiency of such low-cost stoves is quite poor, the
main pollutant gaseous (CO, CO, and NOx) and particulate
emissions occurring during combustion are quite high,
and the use of charcoal or of raw wood as combustible
contributes to deforestation [17]. To increase the efficiency
and to reduce the pollutant gaseous and particulate emis-
sions, improved stoves are being designed. Following [18],
an improved cookstove is “a cookstove designed using cer-
tain scientific principles, to assist better combustion and heat
transfer, for improving emissions and efficiency performance”.
A classification of improved cookstoves is proposed in [23].
Such improved cookstoves should have a power and an
efficiency greater than that of traditional ones. To limit
deforestation, combustible for cooking purpose or heat
production at a domestic scale should be produced from
forest- or agro-industrial waste, which may further be first
assembled in pellets for an easier transportation from the
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production zone to the use zones and even during the
use in domestic cookstoves. Pelletization also leads to an
increase of the energetic density that allows transport-
ing more energy density per volume. From an economic
point of view, the paper [15] analyzes the development of
a firm producing biomass pellets in Rwanda and selling
an improved cookstove to reduce the use of charcoal. The
amount of pellets required for different cooking prepara-
tions was also evaluated in this paper. In the paper [20],
the authors carried out an economic assessment of a gas-
ification-based wood gas stove designed for a six-member
family and burning babul wood and groundnut shell pellet
under natural or forced draught.

In the present study, a low-cost prototype of improved
pellet cookstove was designed at a lab scale for wood pel-
let combustion. Combustion tests were performed in the
cookstove with a thick steel plate on its top. Water ebulli-
tion experiments were performed with the plate or with
a thick steel ring on the top of the cookstove. To perform
such water ebullition tests, whose protocol is described
in the review [21] and in the references therein, a pot
containing 5 L of water was posed on the plate or ring.
The initial temperature of the water was the ambient one,
thus leading to a so-called cold-start water ebullition test.
The combustion or water ebullition tests were performed
outdoor, but in a zone sheltered from wind, to mimic the
domestic conditions of Sub-Saharan cooking. Although
the prototype was designed for cooking purpose in Sub-
Saharan countries with pellets made with local woody
waste, the combustion and water ebullition tests were
performed with standardized EN+ pellets. These pellets
were manually and periodically injected in the combus-
tion zone to maintain a high combustion level during the
test. For both tests, the temperatures were continuously
recorded along the experiment at different positions of the
cookstove. The main pollutant gases (CO, CO, and NOx),
together with O,, were continuously recorded at different
positions of the cookstove. Simple and phenomenological
heat transfer models were proposed to simulate the plate,
or ring, and water temperatures along the combustion
or water ebullition tests. They involve parameters which
were computed in terms of some experimental tempera-
tures and gas concentrations, and convection coefficients.
These intrinsic convection coefficients were determined
comparing the experimental and simulated temperatures.
The cookstove power, some of its components, and the
stove yield were finally computed, using the standards
NF EN 16510 [5]. Differences between the values of these
parameters and physical quantities obtained in the pre-
sent study appear with that of the literature, see [6, 10,
14, 20, 31, 32], and [33], for example, see also the review
[11] and the references in these papers. These differences
may be explained by differences in the conception of the

cookstove, its draught, and in the combustibles which are
used for the experimental tests.

2 Materials and methods
2.1 Description of the improved pellet cookstove

The low-cost prototype of improved pellet cookstove was
designed in Douala, Cameroon, and manufactured in Mul-
house, France. It may be characterized by:

e Acircular shape, for an easier manufacturing;

e A conical shape of the burner to concentrate the circu-
lation of the heat flux and of the fume to the plate or
ring;

o Afree space between the djembe and the inner enve-
lope, which builds a first insulating layer;

¢ An insulating material between the two envelopes of
the lateral face of the cookstove, to prevent the user
from hot temperatures;

e A cookstove height which allows cooking at human
height;

e A combustion realized under natural draught;

e The use of pellets made with local forest- and agro-
industrial waste as combustible, to limit deforestation.

Figure 1 presents photographs of the cookstove with
the thick plate or the thick ring on its upper part and a
scheme of this cookstove with the ring on its upper part.

The present study focuses on the analysis of the cook-
stove behavior with two configurations: a thick steel
plate, see Fig. 1 a), or with a thick steel ring placed on its
upper part, Fig. 1 b). The central part of the cookstove
consists of a unique metallic piece obtained when weld-
ing a cone to a cylinder to get the shape of a musical
instrument called djembe. The lower cylindrical part of
the djembe has a diameter equal to 15 cm and a height
of 9.5 cm. Its higher part ends with a diameter equal
to 18 cm and has a height equal to 30.5 cm. The lower
cylindrical part of the djembe is perforated on its lat-
eral surface to bring a secondary airflow to the burner
zone. The base of the burner is put on a thick metallic
grid where the pellets are burnt. During the combustion,
ash falls in an ashtray through the grid perforated with
holes of diameter 2 mm. The thickness of the metallic
grid is equal to 6 mm to increase its resistance to heat
and to maintain the embers on a sufficiently long time
length at high temperatures, thanks to an inertia effect.
The upper cylindrical part of the djembe is designed to
drive the hot fume to the upper part of the cookstove. A
free space of approximately 5 cm is maintained between
the upper edge of the djembe and the plate or ring, to
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Fig. 1 Photographs of the
improved cookstove with the
plate (a) or ring (b) configura-
tions, and 3D scheme (c) of
the improved pellet cookstove
with the thick ring

Ring

Djembe

Burner

Isolated
envelope

(c)

let the fume leave the combustion zone after licking this
plate or ring. The thick plate has a radius equal to 0.18 m
and a thickness equal to 0.01 m. A small hole is perfo-
rated in the center of the plate to periodically inject the
pellets in the combustion zone. The feeding system is
visible in Fig. 1 a) and b) on the top of the cookstove
equipped for a water ebullition test, here with the plate.
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The configuration with a ring was motivated observ-
ing that when performing a water ebullition test with
the plate configuration, the water temperature never
reached 100 °C. On the contrary, when putting the pot
on the ring, the water temperature was able to reach
100 °C after 2310 s. The cookstove was insulated along its
lateral surface to protect the user during the combustion
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or water ebullition tests. The height of the cookstove was
equal to 0.50 m and that of the support was equal to
0.15cm.

2.2 EN+ pellet characterizations

Even if the cookstove was intended to burn pellets made
with Cameroonian local forest- or agro-industrial waste,
standardized EN+ pellets were used as combustible during
the combustion and water ebullition tests, which were con-
sidered at a lab scale in the present study. The EN+ certifica-
tion refers to the European standards NF EN 17225-2 [3],
concerning the production of industrial and non-industrial
pellets.

The ultimate analysis of the EN+ pellets was performed
with an automatic elemental analyzer (EuroVector EA-3000)
and according to ISO 29541 [2], ISO 19579 [1], and ASTM
3176-15 [12] standards. Carbon (C), Hydrogen (H), Nitrogen
(N) and Sulfur (S) contents were measured and the oxygen
content (O) was deduced from the overall balance. The ulti-
mate analysis was based on the sample combustion, fol-
lowed by separation in a gas chromatography column and
detection of the combustible products using a high sensitive
catharometric detector. The atomic ratios H/C and O/C were
calculated according to Van Krevelen’s biomass formulas
[271:

%H %0
_1NA _ 16/NA

H/C=—=—0/C=—= (1
12/NA 12/NA

where %H, %C and %0 are the percentages of H, Cand O
determined in the ultimate analysis and NA is the Avoga-
dro number (NA=6.02 10?® atoms per mol).

The proximate analysis of the EN+ pellets was performed
using standard techniques and according to ISO 1171 (2015)
and NF EN ISO 18122 [4] standards for biomass samples. The
moisture content was determined by placing the sample in
a Memmert VM400 oven at 105+ 2 °C for 24 h, the sample
mass remaining almost constant after this time length. A
Nabertherm muffle furnace was used to determine the ash
content of EN+ pellets at 550 °C or 815 °C, according to NF
ENISO 18122 [4].

The higher heating value (HHV) of the EN+ pellets was
determined placing the raw sample in a metal crucible
(accuracy 0.1 mq) in a calorimeter IKA C200. Three measures
of the HHV were performed. The lower heating value (LHV)
was deduced from the HHV, according to the formula:
M My,oH )

LHV = HHV — L"<m + 2000,

()

where L,=2486 kl.kg™' is the latent heat of water vapori-
zation at 273 K, M is the moisture content (%) determined

in the proximate analysis, M, ,=18 g.mol~' is the water
molar mass, M, =1 g.mol™" is the hydrogen molar mass
and H is the percentage of hydrogen in the sample deter-
mined in the ultimate analysis. A corrected lower heating
value was finally computed on dry and ash-free material
through the formula:

100

LHVp = LHV x ——2
daf 100 — Ashag, 3)

where Ashss is the ash percentage determined at 550 °C.
2.3 Combustion and water ebullition tests

Combustion tests were performed with the plate config-
uration. Water ebullition tests were performed with the
thick plate or ring configurations. For these water ebulli-
tion tests, a pot with radius 14 cm and height 28 cm was
filled with 5 L water and put on the plate or ring. A lid was
placed on the top of the pot during this water ebullition
test.

Whatever the test, the ignition was performed using a
natural cubic fire starter, which was inserted into the fire-
place with a thin layer of pellets. The amount of pellets
inserted for ignition was weighed, and this amount was
included in the total consumption of pellets per hour.

Figure 2 presents photographs of the pot placed on the
top face of the plate or ring, for a water ebullition test.

Because the bottom of the pot covers the central part
of the plate or ring, a tube was welded in the center of the
internal bottom face of the pot to inject pellets in the com-
bustion zone of the cookstove during a water ebullition test.
The tube was long enough to come over the perforated lid
placed on the top of the pot, see Fig. 1 a). The plate was
also perforated in its central part with a small hole placed
just under the tube, in the case of water ebullition test. Pel-
lets were injected by hand in the combustion zone of the
cookstove through the plate hole or the pot tube: 0.9 kg of
pellets were periodically injected (approximately 10 pellets
every 30 s) during the combustion or water ebullition tests,
whose time length was approximately equal to 2 h.

‘_‘.-‘i"“-ﬁ

Fig.2 The pot to be put on the plate or ring and which was perfo-
rated by a tube in its center, to periodically inject the pellets in the
combustion zone
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To mimic the combustion performed in Sub-Saharan
houses, the combustion or water ebullition tests were car-
ried outside, but in a zone sheltered from wind. They were
repeated at least three times with good repeatability, at
least for the plate, or ring, and water temperature.

2.4 Temperature measurements

During the combustion or water ebullition tests, tempera-
tures were continuously measured along the experiment
at different positions of the system: on the ashtray, lower
grid, plate or ring, along the pot walls, inside the fume
and the water, through K-type thermocouples (maximal
temperature 1370 °C, accuracy + 2.2 °C), see Fig. 1 a) and
b) for the positions of some thermocouples. The ambient
temperature T,,,,, was also continuously measured.

2.5 Main gas concentrations

During a water ebullition test, the main gases (CO, NOx, CO,,
and O,) were measured using a portable TESTO 350-XL fume
analyzer and a probe. These concentrations were measured
every second along the water ebullition test and during
approximately 10 min. The CO, CO,, and O, concentrations
measured in the center of the combustion zone will be used
for the determination of the cookstove power and yield.
The accuracy of the gaseous concentration measure-
ments is equal to+ 5% for CO,+ 5 ppm for NOx, + 1.3% for CO,
and+0.2 vol. % for O,, in the present experimental conditions.

2.6 Heat transfer models
2.6.1 System burner + plate

The thermal balance of the system burner + plate is written
according to [16], as:

hSpi (Tea(t) = Tpy(0))dt + Fy yeqSpo T (0)dt = hy Sy (Toy (1) = Tomp(D))dt

of the plate, the radiation from the total plate surface, dur-
ing dt, and the temperature increase of the plate.

In [22], a more elaborated heat transfer model was pro-
posed for a cookstove with a different shape.

The definition of the different parameters appearing
in Eg. (4) and some of their values are indicated in the
Abbreviations.

The thermal balance (4) may be written as the differen-
tial equation:

dly Spi (T () = Tpy(D) + Fo pyeqSpo T4 (1)
da " m,C,, < =P Sy (T () = Tomp(D) — sp,,,ep,aT:,(t))

(5)
The plate temperature T, starts from the initial ambient
temperature T, (0)at t=0.

The differential Eq. (5) involves the unknown convec-
tion coefficients h; and h, , to be determined through
a comparison between the experimental and simulated
plate temperatures. The differential Eq. (5) is indeed
solved using Scilab software and the explicit Euler
method, first with initial guesses of the unknown convec-
tion coefficients h; and h, ;. Then the Scilab routine ‘data-
fit’is applied, which consists to minimize the sum over
the experiment times of the squared difference between
the experimental and simulated plate temperatures:

J
z (Tp/,exr)(j) - Tp/,sim(f))2, (6)
j=1

where J is the overall number of experimental time
points, T, (j) the experimental plate temperature at
time t;, and T, (/) the simulated plate temperature at
time t. Equation (5) is finally solved with the optimal val-
ues of the convection coefficients h; and h, .

+ Speepo T (O)dt +my,C,dTy (1),

where the left-hand side corresponds to the gains for
the system through the convection from the fume and
through the flame radiation from the burner. The right-
hand side of (4) corresponds to the losses through the con-
vection in the ambient atmosphere on the upper surface

2.6.2 System burner + plate + pot + water

The thermal balance of the system
burner + plate + pot + water consists of the two following
equations:

hiSpi (Tr(t) = Tpy(0))dt + Fy e qSpo T (0)dt = hy i (S = Spon) (Tor() = Tamp(D)) dlt
+ (Sp/,r - Spo,h)gplo'T:/(t)dt (7)
+ kSpon (To(t) = Tpo())dt +m, C, ,dT (D),
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keSpo,h (Tpl(t) - Tpo(t))dt = he,vspo,v (Tpo(t) - Tamb(t))dt

+henSpon (Tpo(t) = Tamp())dt + €,05p0:0T, (t)dt (8)
+ (MpoCppo + MyaCpua ) AT oo (1)

In the balance Eq. (7), the left-hand side gathers the gain
terms for the system through either the convection from the
fume or the flame radiation from the burner, during dt. The
right-hand side of (7) represents the losses through either
the convection from the part of the plate surface not covered
by the pot, the radiation from the plate surface not covered
by the pot, the heat exchange between the plate and the
pot, during dt, and the temperature increase of the plate.

The optimal values of the convection coefficients h;and
h, are taken from the previously described computations
concerning the combustion test with the plate configura-
tion. Equation (7) involves a further global heat transfer
coefficient k, between the higher face of the plate and the
bottom of the pot, which has to be determined.

In the balance Eq. (8), the left-hand side corresponds
to the gain through the convection from the plate, during
dt. The right-hand side corresponds to the losses through
convection along the vertical pot surface and along the
lid, the radiation from the pot, during dt, and the tempera-
ture increase of the pot and water. The pot and water are
indeed supposed to be at a same temperature.

Equation (8) involves two further unknown convection coef-
ficientsh, ,and h, . The lid and vertical face of the pot areindeed
separated, both being in contact with the surrounding air.

The definition of the parameters involved in the balance
Egs. (7)-(8) and some of their values are indicated in the

The plate temperature T, and the pot temperature T,
both start from the ambient temperature T,,,,(0) at t=0.
This leads to a so-called cold-start water ebullition test.

The system (9)-(10) of differential equations is solved
using the Scilab software and the explicit Euler method,
first with initial guesses of the unknown parametersk,, h, ,
and h,,. The optimal values of these parameters k,, h,, ,, and
h,, are determined applying the Scilab optimisation rou-
tine ‘datafit, which consists to minimize the sum over the
experiment times of the squared differences between the
experimental and simulated plate and pot temperatures:

J
Z <(Tpl,exp(j) - Tpl,sim(j))2 + (Tpo,exp(j) - Tpo,sim(j))2>'
j=1
: (1)

where Jis the overall number of experiment times, T,,;, ., (/)
the experimental water temperature at timet;, and T,,,, ., (/)
the simulated water temperature at timet;. The system (9)-
(10) is finally solved with the optimal values of the param-
etersk,, h,,andh, .

2.6.3 System burner + pot +water in the ring configuration
The thermal balance of the system

burner +ring + pot + water is composed of the two
equations:

hiSes (Tr() = T,(0))dt + Fy, 64550 T (00t = hey(S,6 = Spon) (TH () = Tomp(D)) dit

+ (S, - SPO'h)e,an(t)dt

+ ke (Spo,h - Shole) (T,(l‘) - Tpo(t))dt

+m,C, dT.(t),

Abbreviations.
The system (7)-(8) of balance equations may be written
as the coupled system of differential equations:

hiSon (T (®) = T(1)) + Fy i€ Sp0 T3 (D)

dT,(t) 1
Zt = o IC I _he,pl(sp[,f - Spo,h) (Tp/(t) — Tamb(t)) I (9)
B O Sp0nEpiO T (1) = KeSpo (Toi(t) = Tpo(1))
%(t) G o < keSpo (Tor(®) = Too(®)) = ey Spoy (Too(®) = Tumb(t))> (10)
. MpoCopo + MuaCpma ~hepSpoh (Tpo®) = Tamp(®)) = €p0Sp0: Ty () .
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ke (Spo = Shole) (T, (1) = Tpo(1)) dt + h;Spoie (Tr (1) = Tpo(8))dt + FypoieenSpo T (t)dt = hy, S, (Too(t) — Tomp(D)dt

+ hepSpor (Too(t) = Tomp(D))dt

. (13)
+ epOSpo’tO'Tpo(t)dt

+ (MpoCPpo + MyqCPua ) AT, (1),

In the balance Eq. (12), the first term of the left-hand side
corresponds to the heat brought from the fume to the ring
during dt and the second term corresponds to the radiation
from the burner to the ring during dt. The first term of the
right-hand side corresponds to the heat lost by the portion
of the ring not covered by the pot to the air, the second term
corresponds to the radiation from this portion of the ring, the
third term corresponds to the transfer from the portion of the
ring covered by the pot to this pot, during dt, and the fourth
term corresponds to the increase of the ring temperature.

In the balance Eq. (13), the first term of the left-hand
side corresponds to the heat brought by the portion of
the ring covered by the pot to this pot, the second term
corresponds to the heat brought by the fume directly to
the pot through the ring hole, and the third term corre-
sponds to the radiation from the burner through the ring
hole, during dt. The first term of the right-hand side of the
balance Eq. (13) corresponds to the loss from the pot the
ambient air through the vertical face of the pot, the sec-
ond term corresponds to the loss from the lid, the third
term corresponds to the radiation from the free surface of
the pot, during dt, and the fourth term corresponds to the
heat increase of the pot + water.

The system (12)-(13) of balance equations may be writ-
ten as the coupled system of two differential equations:

routine ‘datafit, which consists to minimize the sum over
the experiment times of the squared differences:

J
z ((Tr,exp(j) - Tr,sim(j))z + (Tpo,exp(j) - Tpo/sim(j))2>’ (16)
=1

between the experimental and simulated ring and pot
temperatures. The system (14)-(15) is finally solved with

the optimal values of the parameters k,, h,,, h;, h,;,, and
h

eyv:

2.7 Cookstove power and yield, specific fuel
consumption

The cookstove power P, is evaluated during a water
ebullition test with the ring configuration, through the
expression:

dmpe
PtOt = T X LHV, (17)

dmye . - .
where % is the mass rate of injected pellets during the

experiment and LHV is the lower heating value of the
pellets, to also take into account the latent heat of water
vaporization during the pellet combustion.

iS¢ (To (O = T,(0) + Fy 0S50 T3 (D)

a1
d mcC

_he,r (Sr,f - S-po,h) (Tr(t) - Tamb(t))

(14)

TP =S, = SpomEnOTH) = ke (Spop = Shote) (T (1) = Too(D))

ke (Spo,h - Shole) (Tr(t) - Tpo(t))

dT (1) _ 1

dt My Copo

+m,.C

wa“-p,wa

+hi5hole(Tfu(t) - Tr(t))
+Fb,ho|e6ﬂSbO-Tft(t) - he,vspo,v(Tpo(t) - Tamb(t)) ‘

(15)

~heSpon (Too(®) = Tamb(®)) = €poSpo 0T oo (1)

The ring temperature T,(t) and the pot temperature T,
both start from the initial ambient temperature T,,,,(0)
at t=0. The system (14)-(15) is solved using the Scilab
software and the explicit Euler method, first with initial
guesses of the unknown parameters k,, h,,, h;, h, ,, and
h,,-The optimal values of these parametersk,, h, ., h;, h, ,
and h,, are determined applying the Scilab optimisation
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The power produced during the water ebullition
experiment is partly transmitted to the ring + pot + water
system and partly lost by convection, radiation, or in the
fume [28], as expressed in the following formulas:

The power P, , corresponding to upwards radiation from
the burner is computed through:
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Pr,b = EbstTg. (18)

The power P, , associated with the heat losses by down-
wards radiation from the ashtray is computed through:

P,o=€,5,0T.. (19)

The power P, ; associated with the sensitive heat losses
in the fume is computed through:

p — Q,xpellet flow
fuss 3600
prfg(C—C,)

9H+M
Qo = (Trsout = Tarm) [m 124420 |

fgw 100

(20)

+Cp

where:

Q, represents the sensitive heat losses in the flue gas,
Ttu.0ut 18 the fume temperature (K) close to the lower sur-
face of thering,

Cis the carbon contents of the pellet (%, on wet basis),
C, is the carbon contents of the residue (%),

COiis the CO concentration,

CO, is the CO, concentration in the combustion zone,
Cp.faw is the specific heat of water vapor in flue gases in
standard conditions,

H is the hydrogen contents of the pellet (%, on wet
basis),

M is the moisture contents of the pellet (%).

The constant 1.244 is the specific volume of water
vapor, which is given in the standards EN 16510 [5] as:
Vinol/Mi,0 = 22.414/18.01528 m* kmol~' / (kg.kmol™") =
1.244m3 kg™", as proposed in the European standards
NF-EN 16510-1 [5].

The power Py, associated with the latent heat in the
fume is computed through:

> 12644 x CO(C - C,)
" 0,536 x (CO+ CO,) x 100

In the computations of the expressions (18)-(21) of the
different losses, mean values of the concentrations meas-
ured in the center of the combustion zone and of the
temperatures will be used, thus assuming a “permanent”
regime.

The specific heats C,, ., and C,, ¢\, present in the formula
(20) depend on the fume temperature Ty, ., measured
close to the lower face of the ring and here expressed in
°C, and on the CO, concentration according to the follow-
ing formulas [51:

Tfu out Tfu out 2
0.361 + 0.008 —— + 0.034( - >

1000 1000
7—fu out Tfu out 2 C02
=3.6| +| 0085 +0.1922= — 0.14( — =
Gty =36 < 1000 ( 1000) 100 |

+( 003 Tfu,out _02 7—fu,oul‘ 2 & 2
1000 1000 100
(22)

Tfu out Tfu out 2
C,row = 36( 0414 +0.038 2% 1 0,034 —22) ),
pigw ( * 1000 ( 1ooo>

(23)

Considering the water ebullition test performed in

the ring configuration, the cookstove yield may be com-

puted as the ratio between the overall energy required

to bring the water contained in the pot to ebullition
(100 °C) to that brought from the pellet combustion:

Qua _ Muwa X Couua X (100 - T,p)
Qe m,,e X HHV

(24)

The specific fuel consumption is finally computed as
the ratio between the amount of combustible required
to bring the water contained in the pot to ebullition and
the water mass m,,,. It is measured in kilograms of com-
bustible per kilograms of water.

Table 1 Ultimate analysis,

. ; Ultimate analysis (%) H/C ratio O/Cratio
H/C and O/C ratios, proximate
analysis, HHV and LHV, for the C H (0] N S
EN+ pellets
47.1 6.1 46.6 <0.1 <0.03 1.55 0.74
Proximate analysis (%) as received HHV MJ/kg? LHV MJ/kg? LHV ¢
MJ/kgP
M FC VM Ash (550 °C) Ash (850 °C)
8.0 793 2.7 0.3 0.3 18.8 17.3 17.3
don raw basis
bon dry and ash free basis
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The actual specific flue gas volume in wet conditions

may be calculated through:

c-¢

w

" 0536 x (CO, +CO)

+1.24

9H + M
100

X

(25)

and the actual specific dry flue das volume may be cal-

culated through:
c-¢

d

Fig.3 Temperatures measured
along a combustion test, with
the plate configuration, on

the ashtray (small hyphens),
on the grid (solid line) and on
the plate (dotted line), and
ambient temperature (large
hyphens, secondary axis)

Fig. 4 Temperatures of the
plate (dotted line), of the pot
wall (solid line), of the water
(hyphened line), and ambient,
during a water ebullition test
with the configuration of a
plate
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~ 0536 x (CO, +CO)’
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3 Results and discussion
3.1 EN+ pellet characterizations

The results of the ultimate and proximate analyses are
gathered in Table 1.

The sulfur content is lower than the detection limit,
which is usual for woody biomass. The H/C and O/C
ratios are comparable to that of other biomass [27].

Through three repetitions, the standard deviations of
the HHV may be evaluated at+ 100 kJ.kg™".
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3.2 Temperature measurements
3.2.1 Combustion test in the plate configuration

During a combustion test with the plate configuration, the
temperatures measured at different points of the cook-
stove present variations gathered in Fig. 3.

The ashtray temperature increases up to approximately
700 °C, where it becomes stable. Then it decreases as soon
as no more pellets are being injected in the burner (after
5500 s). The grid temperature increases up to 800 °C,
where it starts presenting high oscillations around 600 °C
in the central stage of the combustion test. These high
fluctuations occur because of the periodic injection of pel-
lets, which perturbs the combustion behavior, whence the
heat production. The plate temperature slowly increases
up to 230 °C where it remains almost stable during the
combustion test. It decreases at the end of the combustion
experiment for the above-described reasons. The ambient
temperature oscillates between 14 and 16.5 °C.

3.2.2 Water ebullition test in the plate configuration

When a pot containing 5 L of water is placed on the plate,
the temperatures of the plate, pot wall, and water inside
the pot, measured during a water ebullition test per-
formed with a lid placed over the pot present the shapes
exposed in Fig. 4, together with the ambient temperature.

The plate temperature increases up to 120-160 °C, then
decreases at the end of the water ebullition test (after
5000 s), for the above-described reasons. The plate tem-
perature is much lower in the presence of a pot contain-
ing water than in the absence of pot: 160 versus 230 °C.
This is due to the transfer of part of the plate heat to the

Fig.5 Fume temperature = . = Fumeunder pot
under the pot (mixed hyphens,

principal axis), ring tempera- 800

ture (dotted line, secondary

axis), pot wall temperature 700

(small hyphens, secondary
axis), water temperature (solid
line small hyphen, secondary
axis), and ambient tempera-
ture (large hyphens, secondary
axis), during a water ebullition
test, in the configuration with
aring

Fume temperature ("C)

l r .‘qT

JI‘-r |I ﬂ

pot + water subsystem. The pot wall temperature slowly
increases to 80-85 °C. The water temperature slowly
increases up to the maximal temperature of 95 °C, which
is reached in 1.5 h. The water ebullition temperature of
100 °C is never reached in this configuration with a plate.
The ambient temperature remains approximately equal to
20 °C all along the test.

3.2.3 Water ebullition test with the ring configuration

In the configuration with a ring, the temperatures of the
fume under the pot, of the pot wall and of the water are
gathered in Fig. 5, together with the ambient temperature.

The fume temperature under the pot increases up to
500 °C with high oscillations around this value, because of
the discontinuous injection of pellets. The ring tempera-
ture increases to 250 °C. The pot wall temperature and the
water temperature increase from ambient temperature up
to 100 °C and remain very close along the water ebullition
test. The ambient temperature is almost constant equal
to 36 °C during this water ebullition test with the ring
configuration.

The time required for the water to reach ebullition
(100 °Q) is equal to 2310 s, hence 38.5 min. In [13], the
time to ebullition was measured at 31 min for a traditional
charcoal cookstove under cold start, at 20 min for a three-
stone stove and between 21 and 29 min for improved
cookstoves. In [9], the time to ebullition was measured for
three improved cookstoves between 64.3 and 72.3 min. In
[19], the time to ebullition was estimated between 17 and
22 min, depending on the stove. In [7], the time to ebulli-
tion was evaluated at 38 min for in an open air burner with
wood. The high differences between these values may be
explained by the differences concerning the stove, its

------- RiNg ====-Pot wall Water = = = Ambient
300
. L 250 &
'I‘ ] i . =
¥ r.. [} r
RN T :‘“‘]‘ "1‘1' 200 g
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behavior, especially its draught, the combustible, and its
introduction in the stove.

3.3 Gaseous emissions measured during a water
ebullition test with the ring configuration

The main pollutant gases (CO, CO, and NOx), together
with O,, were continuously measured in the center of
the combustion zone, Fig. 6, in the fume exhaust, Fig. 7,
20 cm above the tube allowing the pellet injection,
Fig. 8, and 50 cm above the top of the system, Fig. 9. The
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concentrations were measured in ppm for CO and NOx
(principal axis) and in percentages for CO, and O, (sec-
ondary axis).

In Fig. 6, the O, emissions are approximately equal to
15%, whatever the time. The missing 6% are being used for
the combustion and produce CO,, or CO if the combustion
is incomplete.

When the gases are collected in the combustion zone,
the CO concentration varies between 300 and 1400 ppm,
with a mean value equal to 684 ppm. The CO emissions
highly oscillate, as they depend on the combustion
behavior, see the previous comments on this combustion
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Fig.8 Gases concentrations

measured 20 cm above the 40
tube: CO (solid line, ppm), NOx

(dotted line, ppm), CO, (small

hyphened line, %) and O, 35
(large hyphened line, %)

- —y
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Fig. 9 Gases concentrations
measured 50 cm above the
plate: CO (solid line, ppm), NOx
(dotted line, ppm), CO, (small
hyphened line, %) and O,
(large hyphened line, %)

COand NOx concentration (ppm)

behavior. To minimize the CO emissions, it should be nec-
essary to inject pellets in the combustion zone in a more
regular way and with an adequate quantity. The CO, emis-
sions oscillate between 4 and 8%, with a mean value equal
t0 6.35%.

Figures 7-9 show that the CO concentrations measured
outside the cookstove highly oscillate probably due to
wind, as the water ebullition tests were performed outside,
and even in a zone sheltered from wind. These CO concen-
trations are higher at the cookstove exit, Fig. 7. At human
height, Fig. 10, these CO concentrations vary between 0

co NOx

€02 = -=-=02

R e
1Y

.,

10.00

CO2and O2 concentration (%)

5.00

20.00

10.00

CO2and O2 concentration (%)

5.00

Time (s)

and 7 ppm, which is very low. For reference, the maximal
CO concentrations suggested by WHO depend on the time
exposure and are equal to 5 ppm during 24 h, 9 ppm dur-
ing 8 h, 32 ppm during 1 h, and 90 ppm for 15 min, [29],
these thresholds being revised in 2020.

The NOx concentrations are negligible, whatever the
measurement point “far” from the combustion zone. This
is usual for biomass combustion, as the N amount in the
pellet is low, see Table 1.

The O, concentration remains stable at approxi-
mately 21% whatever the measurement point above the
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combustion zone. This may be the consequence of a fast
mixing with outside air.

Few papers analyzed the gases and particulate matter
present in Sub-Saharan houses when burning tropical
wood residue in a domestic stove, being the three-stone-
fire type the most common in Sub-Saharan countries
[13, 26], and [7]. For example, the CO concentration was
measured in homes equipped with a three-stone-fire
stove at 29.5 ppm (47 mg/Nm?3) in [26]. The gases con-
centrations are analyzed in [30] during the combustion
of Douglas fir in different stoves similar to that which
can be used in Cameroon using a portable monitoring
emission system from APROVECHO. The CO concentra-
tions collected during the whole combustion experi-
ment were measured between 17 and 85 g, depending
on the stove and on the fuel moisture. In [24], mean 24 h
indoor CO concentrations were measured between 15

Fig. 10 Experimental (solid
line) and simulated (dotted
line) plate temperature along
the combustion experiment
with the plate configuration
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and 62 ppm in Uganda kitchens after charcoal combus-
tion performed in open fire stoves.

3.4 Simulations deduced from the heat transfer
models

3.4.1 Simulation of the plate temperature

during a combustion test and determination

of the optimal convection coefficients h;and h,
When solving the differential Eq. (5) with Scilab soft-
ware, the optimal values of the convection coef-
ficients are found equal to h; =31.2W.m=2K~" and
he, =7.9W.m=2K~". The experimental and simulated
plate temperatures are presented in Fig. 10 versus time,
along the combustion test.

Plate temp simul
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Fig. 11 Experimental (solid line) and simulated (dotted line) plate a) and water b) temperatures during a water ebullition test, in the plate

configuration
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The model quite perfectly simulates the plate tem-
perature along the combustion test. The maximal dif-
ference between the experimental and simulated plate
temperatures is equal to 15.5 °C, which represents a rela-
tive difference equal to 7%.

Among the four terms present between parenthe-
ses in the right-hand side of the differential Eq. (5), the
fourth one is largely preponderant with values higher
than 5.0 x 10° W. The other terms of this right-hand side
take values always lower than 0.3 W, and the second term
is the smallest one with values lower than 5.0x 1073 W.
Changing the value of the flame emissivity in this second
term does not significantly change the result.

3.4.2 Simulations of the plate and water temperatures
during a water ebullition test in the configuration
with a plate

Simulations of the plate and water temperatures during
a water ebullition test with the plate configuration were
realized, through the resolution of the system (9)-(10).
Figure 11 gathers these experimental and simulated plate
and water temperatures.

In this plate configuration, the optimal val-
ues of the parameters are: k,=196.7 W.m=2K™'
h., =526 Wm=2.K"andh,, = 11.3W.m™2K~".The max-
imal difference between the experimental and simulated
temperatures is equal to 34.8 and 10.7 °C for the plate and
water respectively, whence a relative maximal difference
equal to 21.8 and 11.3%, respectively. The model tends to
overestimate the plate temperature at the beginning of
the water ebullition test. The water temperature is simu-
lated in much better way. Again the term Fb,p,sﬂSban‘,‘(t)
which appears in (9)-(10) does not bring a significant con-
tribution to the evolution of the plate temperature, being

Ring temp exp

100

Ring temperature (°C)
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wu
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much lower than the other terms present in these balance
equations.

3.4.3 Simulations of the water temperature during a water
ebullition test in the configuration with a ring

The resolution of the system (14)-(15) of differential equa-
tions leads to the optimal values of the parametersk,, h, ,
hj, h,p, and h, , respectively equal to k, = 38.1 W.m=2.K~",
h,, =57.5W.m—2K~", h;=29.6 Wm=2K~", h,, =88 W.
m=2.K~', and h,, = 45.0 W.m~2.K~". These values are dif-
ferent from the ones obtained in the plate configuration,
due to the configuration change. In [22], the authors took
convection coefficients between 14 and 45 W.m=2.K~,
depending on the cookstove.

Figure 12 gathers the experimental and simulated ring
and water temperatures.

The maximal difference between the experimental and
simulated ring temperatures is equal to 23.0 °C, leading
to a maximal relative difference equal to 9.2%. The model
here tends to underestimate the ring temperature in the
intermediate stage and to overestimate it at the end of the
test. The model slightly overestimates the water tempera-
ture at the beginning of the water ebullition test, in the
fast increase stage. Then the experimental and simulated
water temperature curves cross at approximately 5000 s.
Nevertheless, the experimental temperature is quite well
simulated. The maximal difference between the experi-
mental and simulated water temperatures is equal to
8.3 °C, leading to a maximal relative difference equal to
8.2%.

In the different tests and configurations, the heat trans-
fer models return quite satisfying simulations of the plate,
orring, and water temperatures. The values of the convec-
tion coefficients can be accepted, as the simulations quite
well reproduce the tests.

(b)
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Water temperature (°C)
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Fig. 12 Experimental (solid) and simulated (dotted) ring a) and water b) temperatures along a water ebullition test, in the configuration with

aring
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3.5 Cookstove power and yield, and solid fuel
consumption

As already indicated, the pellet injection was approxi-
mately equal to 10 pellets every 30 s, leading to a mass
flow of 0.9/3600 kg.s™'. From the LHV value given in
Table 1, the cookstove power may be computed through
(17) as:
Piot = 09 173x10° = 4336 W.

3600

With standard deviations of the LHV computation
evaluated at 90 kJ.kg™", the cookstove power is equal to
4336 + 23 W.

Combustion and water ebullition tests were performed
burning different biomass in six traditional or improved
cookstoves in [13]. The power of a traditional charcoal
stove was evaluated at 4.2 kW, that of a three-stone stove
was here evaluated at 7.3 kW and that of improved stoves
between 3.0 and 4.8 kW. The power of a mud stove with
grate, a mud stove no grate and a three-stone open fire
stove were evaluated in [19] at 7.72, 8.08 and 8.00 kW,
respectively.

As described in Sect. 2.7, different components of this
overall power may be evaluated using mean values of the
temperatures or concentrations which are involved.

The power associated with the upwards radiation of the
burner is computed through (18) as: P, =766+6W.
The power associated with the downwards radia-
tion from the ashtray is computed through (19):
P, =336+3W.

The mean value of the fume temperature is
Ts, = 150.0 °C. The power associated with the sensi-
tive heat losses in the fume is computed through (20):
Prs=1794 £ 16 W.

The power associated with the latent heat losses in the
fume is computed through (21): P, = 118 + 9 W.

The heat losses in the fume (1912 + 25 W) represent
44% of the power P, supplied by the pellet combustion.
Nevertheless, part of this power is transferred to the ring
or water, as the fume flow outside the cookstove while
licking the ring and pot.

Recalling the time required for the water to reach 100 °C
equal to 2310 s, see Fig. 5, the mass of pellets burnt during
this time length is equal to 0.9% = 0.578 kg. From (24),
the cookstove yield is computed as: 7 = 12.3 + 0.1%, which
seems a low value.

The specific fuel consumption is equal to
0.12 kgcombustib/e/kgwater'
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The actual specific dry and wet flue gas volume respec-
tively defined in (25) and (26) are equal to G; = 12.6
Nm?>.kg~'fuel, G, = 13.3Nm> kg~ fuel.

For comparison, the thermal efficiency of a traditional
charcoal stove was evaluated at 21% in [13], the authors
indicating a thermal efficiency of 17% for a three-stone
stove and a thermal efficiency lying between 17 and 26%
for three improved cookstoves. In [6], the efficiency of a
top-lit up-draught gasifier cooking stove was computed
between 14 and 34%, depending on the combustible
(corn cobs, wood chips or peanut shell pellets) and the
fuel load. The thermal efficiency of a stove assembled
by Philipps with natural draught was measured at 24%
in [8]. In [9], the efficiency of three improved cookstoves
were evaluated between 11.6 and 18.0%, for water ebul-
lition tests under cold start, like in the present study.
In [10], the thermal efficiency was evaluated between
21 and 32% for a cold-start water ebullition test in an
improved biomass stove burning charcoal produced
from Neem tree (Azadirachta indica) or Indian Lilac. In
[22], the authors evaluated the yield of their shielded fire
household cookstoves between 35.8 and 36%, depend-
ing on the humidity of the fuel. The stove yield was
evaluated between 11.7 and 19% for cold-start water
ebullition tests in [19]. The yield of three-stone stoves
was evaluated at 17% and at 25% in [7] for an appliance
using wood combustion under a tripod stand. The pre-
sent stove yield is close to that of the rudimentary three-
stone one. One reason for the low value of the cookstove
yield considered in the present study is that 67% of the
power produced from the pellet combustion is lost in
the fume. In [31], the cookstove efficiency was evaluated
between 13 and 26% for a Chinese top-lit up-draught
biomass semi-gasifier cooking stove, during fuel com-
bustion. In [33], the thermal efficiency was evaluated
between 10 and 15% for wood combustion in a Chinese
stove without a chimney burning cotton stalk, peanut
shell, or corn stover.

In [13], the time to ebullition was measured between
12 and 42 min, for different cookstoves and different com-
bustibles. In [19], this time to ebullition was evaluated
between 17 and 22 min, for cold start in a mud stove with
grate, a mud stove no grate and a three-stone open fire
stove.

In [19], the specific fuel consumption of a mud stove
with grate, a mud stove no grate and a three-stone open
fire stove were evaluated at 227.44, 219.44 and 225.42 g.
L™, respectively. In [9], the specific consumption of three
improved cookstoves were measured between 169 and
261 g.L™". The specific fuel consumption was evaluated in
[14] at 85 g.L*1 for a coal start water ebullition test in differ-
ent biomass cookstove. The CO concentrations were meas-
ured between 7 and 20 ppm and the thermal efficiency
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between 14 and 29%, depending on the stove. The influ-
ence of different parameters on the efficiency of a water
ebullition test was analyzed in [25].

The quite high differences observed in the literature for
the cookstove powers, yields, times to ebullition... may
result of the significant differences in the conception of
the cookstoves, in the experiments and in the combusti-
bles which were used for the combustion or water ebul-
lition tests.

4 Conclusion

A low-cost prototype of improved pellet cookstove was
manufactured. Combustion tests were performed with
standardized EN+ pellets with a thick steel plate on the
upper part of the cookstove. Water ebullition tests were
performed with two configurations: a thick steel plate
or a thick steel ring on the upper part of the cookstove.
The water temperature of 100 °C was only reached with
the ring configuration. The temperatures and main gases
concentrations were measured at different points of the
system. Simple and phenomenological models of the
thermal behavior were proposed and simulations of the
plate, or ring, and water temperatures were obtained in
the three configurations with quite good agreement, the
relative maximal differences between the experimental
and simulated temperatures being equal to 7 or 21%. The
convection coefficients involved in these models were
determined through the resolution of the balance equa-
tions and comparing the experimental and simulated
temperatures. For the water ebullition tests, the cookstove
yield was evaluated at 12.3 +0.1%, which is slightly lower
than the results from the literature, because the heat losses
are very high in the fume. Further improvements of this
prototype will be considered, especially concerning the
shape of the combustion zone to reduce the heat losses
in the fume (44% of the cookstove power). An automatic
pellet injection through an auger screw will also be con-
sidered to reduce the combustion perturbations, leading
to high oscillations of the grid temperature along the test.
Combustion tests performed with local woody residue or
biomass should also be performed to proceed in a circular
economy, which could further reduce the deforestation in
Sub-Saharan countries. An economic assessment of such
an improved pellet cookstove should finally be performed
like in [20], as the purpose is to envisage a favorable com-
mercial distribution of such cookstove in Cameroon and,
more generally, in Sub-Saharan countries.
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