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Abstract: Indoor air pollution is ranked the 5th in the Global Burden of Disease index of the World Health Organization (WHO).
Almost half of the world’s population depends on biomass fuels to meet their basic energy requirements for cooking, lighting and
space heating. When fuel is badly combusted in poorly designed stoves, the fuel-stove combination results in high level of
In this study, a Chinese unvented top lit updraft (TLUD)
The
The calorific value,

noxious emissions entering the home, accumulating to dangerous levels.
biomass stove was operated with three different biomass pellets formed from corn stover, cotton stalk and peanut shells.
performance tests were conducted according to the latest standard from the Chinese Ministry of Agriculture.
moisture level, volatile matter and elemental composition are reported for each. The thermal efficiencies of the stove were
15.3%, 10.1% and 14.4%, respectively. The cooking powers were 2.68 kW, 1.61 kW and 1.57 kW. The exhaust was collected
using a hood and tunnel.  The CO, NO and NOy were drawn after passing 1.5 m along the tunnel and the Particulate Matter (PM)
was sampled after 1.6 m. The Emission Factors (EF) for CO, NO, NOyx and PMy, are reported on both a mass per unit energy
delivered to the pot (g/MJnet) and a mass per mass of fuel basis (g/kg). The range for CO was 4.56-7.61 g/MJner (11.25-
21.25 g/kg); NO was 0.75-1.23 g/MJyer (2.09-3.04 g/kg); NOx was 1.13-1.90 g/MIner (3.14-4.86 g/kg); PMy was 0.59-
0.85 g/MJnet (1.67-2.09 g/kg). The range in these values was more significantly influenced by the fuel moisture content and the
percentage of volatile matter than by variations in the elemental composition.
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1 Introduction
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pollution has stalked humans seeking a more comfortable

Since prehistoric times, evidence that indoor air
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cooking, warmth and light. The unexpected predator
that joined them was the simultaneous increase in
exposure to smoke from the crackling fire!.

The utilization of solid fuels for cooking and heating
was probably the largest source of indoor air pollution
(IAP) globally®”). More than a third of the global
population and up to 90% of rural households, almost all
in developing countries, currently cook with solid fuels
such as animal dung, wood, agricultural residues and
coal®¥. These fuels are typically burned in an open fire
or traditional cooking stove with poor combustion and
low cooking efficiency. Therefore, substantial amounts
of toxic pollutants are emitted and directly cause IAPM.
IAP increased the risk of acute lower respiratory
infections and may cause lung cancer, asthma, low birth
weight and other adverse birth outcomes®”),
neurodevelopment impairments[s], cardiovascular and
other inflammatory condition®*", eye diseases such as
cataract and blindnesst*?*®, and headaches!*".

In recent years, because of the increasing price of oil
and the global economic crisis, research into and the
dissemination of improved biomass stoves has been
More than 160 stove
programmes have been carried out in different nations®.
the Chinese

Improved Stoves Programme is regarded as the largest

conducted on global level™,

Among these programmes, National
stove promotion programme, which has disseminated
about 129 million stoves from 1982 to 1992. This
project was followed by a market-based approach
covering 65% of the rural Chinese population at that
timel™ . The government-supported Indian National
Program disseminated more than 2.8 million stoves
between 1983 and 20021%?2,

stoves such as the Jiko Bora and Okoa have been

Charcoal and wood

promoted by the Tanzania Traditional Energy

Development Organization since the 1980s*%. In rural
Ethiopia some improved stoves were promoted, and
Beyene et al.?*! did some research on how often people
About 500 000 certified

improved chimney stoves were adopted by 2009%%. In

use their improved stoves.

Peru, 300 000 improved stoves were built by the end of
2011701,
these biomass stove dissemination programmes have

According to summarize reported dates, all

together promoted at least 179 million improved stoves,
included 129 million in China, 13 million in the other
countries of East Asia, 22 million in South Asia, 7 million
in Sub-Saharan Africa and 8 million in Latin America
and the Caribbean(®"%,

Biomass has been widely used for cooking and
heating purposes in China for thousands of years.
However, IAP caused by burning firewood and
agricultural residues remains a major problem associated
with adverse health impacts©2.

In this study, a typical Chinese biomass stove without
a chimney is tested with three different biomass pellet
fuels to see what influence the fuel composition has on
emissions. The pellets were made from either corn
The thermal

efficiency and cooking power were reported and

stover, cotton stalk or peanut shells.

compared with the Ministry of Agriculture’s current
performance Standard. Flue gas was collected by a
hood and samples drawn into test instruments. The
particulate matter (PM) was sampled from the flue at a
point 1.6 m from the flue entrance. Gaseous emissions
measured included CO, NO and NOx. PM was
measured for total mass and size distribution. The
principal aim of the study was to investigate the influence
of fuel type and moisture content on the thermal and
emissions performance of a popular Chinese cooking

stove.
2 Materials and methods

2.1 Instruments

A thermometer having the division value of 0.2°C
was used to measure water temperature in the range of
0°C-100°C. A gas analyzer (MRU MGAA5/Vario Plus,
Germany) was used to measure CO, CO,, O,, NO, NO,,
NOx, CH; and CxHy. Table 1 shows the detailed
parameters of the gas analyzer.  DP-Calc
Micromanometer (Model 5815, TSI, Shoreview, MN,
USA) was used to measure the velocity of the flue gas
with the range of 0.27-78.7 m/s and a precision of 0.1 m/s.

Nine stage cascade impactor (FA-3, Liaoyang
Applied Technology Research Institute, China) was used
to characterize the PM emissions. This instrument

divides the sample into nine aerodynamic sizes. Table 2



July, 2017 Zhang Z X, etal. Effects of biomass pellet composition on the performances of a TLUD cooking stove Vol. 10 No.4 191

shows the details of the particular matter size distribution
for each stage. A high precision digital mass balance
(MS105DU, Mettler Toledo, Switzerland, 0.01 mg) was
used to determine the mass of PM on the filters.

Table 1 Detailed information of MRU VARIO PLUS

Content Type of sensors Measuring range Accuracy
NO Electrochemical sensor 0-5000 ppm +5% MV
NO, Electrochemical sensor 0-1000 ppm +5% MV
NOx NO+NO, = NOx 0-6000 ppm /
CO, NDIR sensor 0-20.0% +2% FS
CO NDIR sensor 0-30 000 ppm +2% FS

(o]} Electrochemical sensor 0-21.0% +2%FS
CHy NDIR 0-5000 ppm £2%FS
CxHy NDIR (C3He) 0-3.0% +2%FS

Note: NDIR = Non-dispersive infra-red; MV = Measured value; FS = Full scale
reading.

Table 2 PM size distribution sampled by nine-stage cascade
impactor

Stages Size/lum

o

9.0-10
5.8-9.0
4.7-5.8
3.3-4.7
2.1-33
11-21
0.65-1.1

0.43-0.65
<0.43

o N o o B W N -

2.2 Fuels

A typical Chinese household biomass stove without a
chimney was selected and fueled with different kinds of
biomass pellet fuels. Figure 1 shows the stove used and
the stove structure is shown in Figure 2.

Biomass fuel pellets made of corn stover, cotton stalk
and peanut shells had a diameter of 8 mm and a length of
30 mm. A gelled alcohol brick (HS50-M, China) was
used for ignition, the calorific value of which is

14 000 kJ/Kg.

Figure 1  Photo of the tested stove

\

Figure 2 Illlustration of the tested stove structure

The mass of PM was determined using a high
precision digital mass balance. Quartz fiber filters were
used to collect the PM in each of the 9 stages. New
filters were first baked in a muffle furnace at 450°C for
6 h to remove any organic matter. The filters were then
equilibrated in a constant-temperature (30°C) and
constant-humidity (50% relative humidity) chamber for
24 h and weighed before and after sampling. The
difference between the initial mass and final mass of each
equilibrated sample is regarded as the mass of PM
collected on that stage.

2.3 Stove testing system

The experimental apparatus used was developed by
the Bioenergy and Environmental Science & Technology
Laboratory, College of Engineering, China Agricultural
University, and the stove test system is shown in Figure 3.
The exhaust gas was collected by a stainless steel hood
with the size of 1.2 m x 1.2 m. The required flow rate
feeding the aerosol impactor was 28.3 L/min, driven by a
constant flow air sample pump. A variable speed fan
attached to the end of the tunnel was used to evacuate the
hood and control the level of dilution of the exhaust.
The gas sampling point was drawn 1.5 m after the tunnel
entrance and PM was sampled 0.1 m after the gas

sampling point.

TN )

Hood

Fan
Sampling points

Figure 3 Exhaust sampling system used in this study
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2.4 Methods

A typical Chinese biomass stove without a chimney
was tested with different biomass pellet fuels in
accordance with the current version of standards that
issued by Chinese Ministry of Agriculture: General
Technical Specification of Domestic Biofuel Cooking
Stove (NY/T 2369-2013)P% and Test Performance
Method of Domestic Biofuel Cooking Stove (NY/T
2370-2013)B4. For each test 1.5 kg of fuel was loaded
into the stove and 5 L of water at room temperature was
All the tests were done at the
the
Bioenergy and Environment Science & Technology

loaded into the pot.

Biomass Stove Testing Center belonging to
Laboratory, College of Engineering, China Agricultural
University. The calorific value, moisture content, volatile
matter content and elemental composition were analyzed
by North China Electric Power University according to
the method described in three existing standards Densified
Biofuel-test Methods Part 1: General Principle (NY/T
1881.1-2010), Proximate Analysis of Solid Biofuels
(GB/T 28731-2012), and Determination of Carbon and
Hydrogen in Solid Biofuel (GB/T 28734-2012).

2.5 Calculations

2.5.1 Calculation of cooking efficiency

the

following thermal efficiency formula (Equation (1)) from

Cooking efficiency was calculated using

the standard document Test Performance Method of
Domestic Biofuel Cooking Stove (NY/T 2370-2013)534:

_A418x[G x (8, —1)]+ (G, - G,) xr )
7 BC+B,C,

where, = cooking power, KW; G; = initial water mass,
kg, G2

remaining water mass, kg; # = initial water

temperature, °C; f, = water temperature at boiling point,
°C; r
evaporation temperature, 2257 kJ/kg; 4.18
specific heat, kJ/(kg-°C); B = Fuel mass loaded, kg; C =
Lower Heating Value as Received (LHVaR) of the fuel,

average latent heat of vaporization at the

water

kJ/kg; B, = mass of ignition fuel, kg; C; = As Received
LHV ar of the ignition fuel, kJ/kg.
2.5.1 Calculation of cooking power

Cooking power was calculated by the following
formula (Equation (2)) according to Test performance
method of domestic biofuel cooking stove (NY/T
2370-2013)B4.

P 4.18x[G, x (1, —1,)]+ (G, - G,) xr
Tz N

(2)

where, P = cooking power, KW; T; = ignition time, h: min
[seconds]; T> = boiling time, h: min [seconds].

3 Results and discussion

3.1 Fuel compositional analysis

The calorific value, moisture content and volatile
matter content of each fuel was tested and the elemental
composition determined. The results are presented in
Table 3. The moisture content of peanut shell pellets
was the highest of the three and it reduced the combustion
and emissions performance. However, because the
heating value of peanut shell pellets is high, it releases
more energy per unit mass. Because the volatile matter
content of these pellets is low, it burns at a lower rate.
The nitrogen content of corn stover pellets was ranked
highest so it should create the highest NOx emission.
However, NOx formation is dependent on the combustion

temperature and the ranking is not guaranteed[35].

Table 3 Industrial analysis and elemental analysis of fuel
Content M,d% Audl% V% FCdl% Codl% H,dl% Nol% Orer, lkI-kg™
Cotton stalk 111 15 73.06 115 516 6.0 0.60 17,933
Peanut shell 14.3 16 68.68 15.42 54.9 6.7 1.37 21,417
Corn stover 8.5 5.93 67.82 17.75 40.45 5.5 6.096 16,718

Note: M., means moisture content; 4,4 means ash content; ¥,y means volatile matter content, FC,y means fixed carbon content; Ca means carbon content; H,q means

hydrogen content; N,g means nitrogen content; Onet, or Means received calorific value.

3.2 Thermal performance
3.2.1 Water temperature changing

As shown in Figure 4, at the beginning of the test, the
water temperature in the pot increased slowly. This
stems from the fact that fuel with a high moisture content

often requires additional energy to vaporize the fuel
moisture resulting in a low net energy release rate.

During this fuel-drying phase the emissions can be

high***".  Pelleted biomass has many pores which will

readily absorb moisture.  The evaporation of this
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moisture absorbs the energy released during combustion.
The loss of energy needed to dry the fuel reduces the
temperature In the
beginning the amount of heat available to warm the water
is limited. The fuel with high moisture content, such as

in the combustion chamber.

wood with the moisture content above 60% cannot
At 60% moisture the
chamber temperature is below that required to sustain
combustiont8*.

maintain proper combustion.
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Figure 4 Temperature rise of water in the pot as the tested stove
burning different biomass pellets

Peanut shell pellets delivered the lowest water heating
rate because the moisture content was the highest of the
three tested biomass pellets fuels.

The density of corn stover pellets was the highest.
The cotton stalk pellet density was similar to that of the
peanut shells. The fuel density exerted an influence on
the fuel combustion rate. The volatile matter content of
cotton stalk pellets was highest followed by peanut shells
and then corn stover. Corn stover pellets had the worst
combustion performance in this stove. The water
heating performance using cotton stalk pellets was best
followed by the peanut shell pellets. The corn stover
cost the longest time to boiling certain mass of water.
3.2.2 Cooking efficiency

The cooking efficiency results are presented in Figure
5. The highest was obtained using cotton stalk pellets
followed corn stover and then peanut shells. It is
assumed that any increase in the moisture content reduces

the combustion [25,40,41]

temperature and efficiency
Because, as shown in Table 3, the moisture content of
peanut shell pellets was the highest, it is expected that the

energy would lose when drying it reduced the cooking

efficiency the most. Because the moisture and ash

content of corn stover was higher than for cotton stalks,
the cooking efficiency of the former was lower.

16
15
14
13

12

T T T Ll 1
H
—1—

1y
iir

10 +

=

Thermal efficiency/%

B3 W e LA Oh =1 00
T T T T

Cotton stalk Peanut shell Corn stover

Figure 5 Cooking efficiency of the tested stove burning different
biomass pellets

3.2.3 Cooking power

The cooking power is presented in Figure 6. The
highest cooking power was obtained by burning cotton
stalk pellets, followed peanut shells and finally corn
stover. The combustion performance of corn stover was
the worst, so it took the longest time for the fuel burn out.
As shown in Table 3, the moisture content of peanut shell
pellets did result in a reduction of cooking power.
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Figure 6 Cooking power of the tested stove burning different
kinds of biomass pellets

3.3 Emission performance
3.3.1 Gas emissions

The gas emissions included CO, CO,, O,, NO, NO,,
NOyx, CH4 and CxHy. During the tests CO, NO and
NOx were monitored continuously. The masses of CO,
NO, NOy, and their EF are presented in Table 4.

It can be seen from Table 4 that the CO emitted when

burning cotton stalk pellets was the highest. During
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biomass combustion, a certain concentration of volatiles
are on the surface of the fuel and the volatiles should be
exposed to oxygen at a suitable temperature?. This
might be the reason why the stove showed the best
combustion efficiency when burning cotton stalk pellets.
If the fuel burns too quickly it can result in incomplete
I,][36,37]. A
similar effect can be seen when the fuel moisture content
is high as was the case with the cotton stalk pellets.
Huangfu et al.*? reported on some experiments using a

combustion because of insufficient oxyge

biomass-fueled semi-gasifier stove with a structure

similar to that used by the authors. They investigated
how the moisture content of the fuel affected the thermal
and emissions performance when burning wood pellets.
The range of EFco was from 2.7 g/MJnet t0 4.4 g/MInet
with a moisture content which varied from 5.9% to
22.1%™. The moisture content of cotton stalk pellets
used in our study was 11.1% and the EFco was 7.61+3.11
g9/MJneT, almost double the figure given by Huangfu et al.
(EFco 3.5 g/MJner with moisture content of 9.4%)M2.
There may be several reasons for the difference: the

moisture content, operator behaviour or the raw materials.

Table 4 Results of CO, NO and NOx emissions and EF

CcO NO NOx
Fuel type
Mean/g EFIg-Miyer®  EFIg-kg™ Mean/g EFIg-Miwer®  EFlg-kg* Mean/g EFIg-M\er®  EFlg-kg™
Cotton stalk 31.87+13.04 7.61+3.11 21.25+8.69 3.13+0.23 0.75+0.05 2.09+0.15 4.72+0.32 1.13+0.08 3.14+0.21
Peanut shells ~ 19.03+0.34 5.79+0.10 12.69+0.23 2.57+0.24 0.78+0.07 1.72+0.16 3.92+0.46 1.19+0.14 2.62+0.31
Corn stover 16.88+5.61 4.56+1.51 11.25+3.74 4.56+0.73 1.23+0.20 3.04+0.48 7.03+1.18 1.90+0.32 4.68+0.79

Note: EF with unit of g/MJyer means how much emission produced when one
emission produced when one kg fuel burned.

Nitrogen oxides (NOyx) are produced during
combustion and consisted of both NO and NO, (NO
accounted for about 95% of NOx, and the rest 5% is
NO,)P®4.  The generation of NOx was closely connected
with the combustion temperature and its availability in
the fuel.

thermal-type NOx and rapid-type NOxy.

There are three types of NOy: fuel-type NOx,
Fuel-type NOx
is produced by the decomposition of fuel nitrogen at high
temperature and accounts for 60%-80% of NOx!**.  The
NO and NOx emissions from corn stover pellets were the
highest because it has the highest fuel nitrogen content.
3.3.2 PM size distribution and PM emission factors

PM size distribution is shown in Figure 7. When the
stove PM with an
aerodynamic diameter less than 5.8 um was highest,
accounting for 94.8% of the total PM emission, followed

burned corn stover pellets,

by cotton stalk pellets (92.1%) and peanut shell pellets

MJ useful energy is delivered to the pot. EF with the unit of g/kg means how much

accounted for 44.5%, higher than peanut shell pellets
(42.2%) and corn stover pellets (40.7%).
the stove produced very little PMs g1 Whatever the fuel.
The PM masses for each stage are presented in Table 5.

In this study,

800 - —8— Cotton stalk
—&— Peanut shell
—w— Corn stover

600 -

400

Mass of PM/mg

200

<04 04-0.7 0.7-1.1 1.1-2.1 2.1-3.3 3.3-4.7 4,7-5.8 5.8-9.0 9.0-10.0

Particulate matter size/um
Figure 7 PM size distribution of the tested stove burning the three
kinds of tested biomass pellets

(89.0%). For cotton stalk pellets, the mass of PMg7;
Table 5 PM mass ratio for each particle size range
%
particle size/um
Fuel type
<0.4 0.43-0.65 0.65-1.1 1.1-2.1u4m 2.1-33 3.3-4.7 47-5.8 5.8-9.0 9.0-10
Cotton stalk 29.06 15.45 11.61 10.32 9.05 7.77 5.72 6.16 4.86
Peanut shell 23.68 18.50 13.37 9.56 10.94 8.38 7.67 435 3.55
Corn stover 23.59 17.07 13.59 11.99 12.17 9.69 6.66 2.84 2.40
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The mass of PMyy and PM, is presented in Table 6.
The highest PM35 mass was produced when burning corn
stover pellets, follow by peanut shell pellets, then cotton
stalk pellets. The PMj, masses were (3.14+0.10) g,
(2.56+0.25) g and (2.50+0.16) g, respectively. The
masses of PM,; were (2.08+0.09) g, (1.67+0.05) g and
(1.66+0.18) g, respectively. PM,; accounts for 66.23%,
65.11% and 66.44%, of their respective totals. These
results are significantly different from those found by
Shen et al.l**! which reported that 79.4% of the total PM
was PM, s for wood combustion and over 81% of the total

461 It is believed the source of

PM from crop residues
the difference was that of using a 4.5 m* mixing chamber

with a fan in which most of the large particulate matter

settled and small particles coagulated before
measurement!*®).
Table 6 EF for various biomass pellets
Mean total ~ Standard PM, .1/ EF/ EF/
Fuel type PM/g deviation g g-Mohert  g-kg?
Cotton stalk 2.50 0.16 0.94 0.59 1.67
Peanut shell 2.56 0.25 1.06 0.78 1.71
Corn stover 3.14 0.10 1.34 0.85 2.09

When burning cotton stalk pellets, peanut shell pellets
and corn stover pellets, the EFppm per MIner and (per kg)
were, respectively, (0.59+0.04) g/MJner, (1.67£0.11) g/kg,
(0.78+0.08) g/MJneT, (1.71£0.17) g/kg and (0.85+0.03)
g/MJnet, (2.09£0.06) g/kg. These results were similar
to the results of Shen et al.: for crop residues, the results
obtained were EFpy (1.38+0.70) g/kg™® and (2.2+1.2)
g/kg®! for wood. This is significantly different from
the results of Huangfu et al.*?: EFpwps range 0.19
mg/MJnet to 0.58 mg/MJner for fuel moisture 5.9% to
22.1%. The results are also significantly different from
the results of Jetter et al.*”); EFpypswas 0.7-1.4 mg/Mner
for a base-case stove and 0.07 mg/MJyer for a
technologically advanced one. This mismatch may have
been caused by James having done the tests according to
Water Boiling Test (WBT) protocol.

The WBT protocol, Version 4, specifies a different
stove operating sequence. The EFpy is dramatically
different because of the combined effects of the very
different test sequence and calculation method. The test
sequence changes the combustion efficiency and
conditions. With its

combustion different fire

management sequence, the combustion temperature,
oxygen supply, mixing states and the differences in fuel
evolution result in an EFpy that is strongly at variance
with the test sequence employed in this work! 424849

4 Conclusions and recommendations

Corn stover, cotton stalk and peanut shell pellets were
combusted in a popular TLUD Chinese biomass stove.
The highest thermal efficiency was obtained when
burning cotton stalk pellets (15.3%z=0.2%), followed corn
stover pellets (14.4%+0.7%) and finally, peanut shell
pellets (10.1%+1.0%).
cooking power when burning cotton stalk pellets,

The stove delivered the highest

followed by peanut shell pellets, then corn stover pellets.
The highest mass of PM was emitted by corn stover
pellets follow by peanut shell pellets, finally cotton stalk
pellets. The combustion of cotton stalk pellets produced
much more fine particulate matter.

It is concluded that the thermal efficiency, cooking
power, gaseous emissions, the particulate matter size
distribution and Emission factors differed significantly
for this stove, differences caused by the match or
mis-match between the stove architecture and fuel
properties such as moisture content, volatile matter
fraction and elemental composition.  Further study
should be done with different stoves testing a diverse
range of fuels try discover which fuel attributes and
which stove architectures combine to deliver superior

performance.
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