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The extensive use of traditional cooking stoves to meet daily cooking and heating requirements has

highlighted the serious problem of indoor and outdoor air pollution. This study evaluates seven improved

coal-fired space-heating and cooking stoves and compares them with a widely used stove of an older

design, selected as a baseline reference. The seven stoves were selected from a range of candidate

improved stoves submitted by manufacturers for testing as part of the air quality improvement in the

Hebei Clean Air Project, Hebei Province, China. Stove performance was evaluated when burning raw

coal and coal briquettes during the high and low power stages respectively. All seven improved cooking

stoves surpassed the baseline stove in combined heating and cooking thermal and emission

performance. Among the improved cooking stoves, Model 2-TL was found to have the highest average

thermal efficiency, 87.2 � 0.5%, when burning coal briquettes at high and low power. The lowest

emission of PM2.5 was 0.94 � 0.5 mg MJNET
�1, CO 0.55 � 0.28 g MJNET

�1, and CO/CO2 1.1 � 0.6%,

respectively. It is concluded that the use of these improved heating and cooking stoves should be

promoted for daily cooking and heating requirements. This strategy will not only save fuel to the benefit

of the household, but widespread adoption could contribute to significant reductions of CO and PM2.5

emissions in Hebei Province.
1 Introduction

Nearly three billion individuals in developing nations depend
on solid fuels, particularly biomass, for their cooking, heating,
and even lighting necessities.1,2 More than 80% of China's
population lives in rural areas, and 95% of them use coal, wood
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and other biomass for cooking and heating.3–5 Though house-
hold heating with biomass and coal is common in northern
China, the contribution of space heating stoves to ambient air
pollution has not been well studied.6

The extensive use of and dependence on conventional
cooking stoves is the prime reason for the perilous quality of
indoor air.7,8 Indoor air pollution (IAP) is a complex mixture of
solid particles, liquid droplets and gases which, when inhaled,
causes or exacerbates respiratory ailments.9,10 IAP has been
attributed to be a factor in 3 to 7 million premature deaths
annually, with the attribution of cardiorespiratory illness being
a major factor.11–13 Studies have demonstrated that lung cancer
could in large part be related to the burning of solid fuels in
poorly ventilated homes for space heating and cooking14,15 The
products of incomplete combustion of fuel in traditional stoves
have more global warming potential than carbon-dioxide.16,17

Due to inefficient traditional stoves and low-quality fuel, a high
level of smoke is produced as a result of incomplete combus-
tion.18,19 Depending on the fuel composition, there is the
possibility of releasing ue gases with a high concentration of
SOx (sulfur oxides) and NOx (nitrogen oxides) due to the
impracticality of adding desulphurization and denitrication
equipment to a domestic stove. The adoption of improved
cooking stoves in rural households can reduce black carbon
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
(BC) by 47%.20 In Hebei Province of China, air contamination in
the southern urban areas is signicantly worse than in the
north. Particulate matter (PM) is the most noteworthy air
pollutant, with SO2 and NOx also being signicant.21 Coal-red
industrial and residential boiler emissions are the key drivers of
air pollution control measures being implemented in the Bei-
jing, Tianjin and Hebei Province (BTH) region. China plans to
replace most residential coal stoves in northern China with
clean heating devices by 2021 in response to severe air pollu-
tion. The replacement of coal stoves began in the BTH region
and is spreading throughout northern China. It is benecial for
both air quality and public health to remove coal stoves, as well
as reducing greenhouse gas emissions.22 Emissions of SO2, PM,
PM10 (coarse PM with aerodynamic diameter # 10 mm), and
PM2.5 (ne PM with aerodynamic diameter# 2.5 mm) from coal-
red residential and industrial boilers in 2012 were respectively,
9 � 105 tons, 3 � 105 tons, 3 � 105 tons, 1 � 105 tons and 0.8 �
105 tons.23

Coal has been the most signicant energy source of China,
and in the near future it will be a prime energy source in other
developing nations. However, its improper utilization is closely
related to serious concerns about air pollution.24,25 At present,
improperly combusted coal is the primary contributor to air
pollution appearing in the form of a heavy smog in numerous
urban areas, oen called a “haze”.26,27 Haze remediation
measures have included the adoption of district heating
systems and conversion of residential biomass stoves to lique-
ed petroleum gas (LPG).28

The incomplete combustion of biomass has also been
a source of indoor pollution.29–32 The pollution created by
burning biomass badly in traditional stoves includes carbon
monoxide, PM2.5 and black carbon.33 These health and environ-
mental challenges can be reduced by using modern, efficient
stoves with greatly reduced emission factors.34,35 In the rural
regions of developing nations, the general population appreci-
ates “low-quality” inexpensive coal to meet their everyday cook-
ing and warming requirements because of cost.36,37

This paper reports the results of an investigation into the
performance of seven modern commercial coal stoves and
compares their performance with an older baseline stove. This
information could be useful as evidence-based policy support for
planning the air quality management. This was done using an
online (real-time) stove performance testing system. The
measured data were used to calculate the total pollutant mass
discharged using a test method used previously to assess the
performance of clean stoves in China and abroad. Seven
commercially available stoves were compared to the baseline
model while burning two fuels: semi-coked coal briquettes and
Shenmu raw coal. All these stoves were coal-red low-pressure
boilers (LPB) with integrated cooking and water heating suited
to the requirements of rural households in Hebei Province, China.

2 Materials and methods

A clean stove promotion project has been undertaken as part of
the Hebei Clean Air Project. An assessment of the performance
of candidate stoves was carried out at the Biomass Stove Testing
© 2022 The Author(s). Published by the Royal Society of Chemistry
Laboratory at China Agricultural University. Seven commercial
improved stoves were anonymized with the labels 1-TL, 2-TL, 3-
TL, 4-TL, 5-TL, 6-FL, 7-FL and the “Baseline” stove (Table 1).
They were tested using raw coal with an average size of 40–
60 mm and semi-coked coal briquettes with an average size of
50 mm. Their thermal efficiency and emissions were assessed.
The baseline stove had been in continuous use for about ten
years. The baseline data were used to characterize current
household heating requirements. During these tests, measure-
ments were recorded every 10 seconds and stored on
a computer for analysis.

A gas analyzer (MRUMGA5/Vario Plus, Germany) was used to
measure the concentrations of gases taken directly from the
ue. A non-dispersive infrared (NDIR) sensor was used for
measuring the concentration of CO2 gas in ppm, the rest (O2,
CO, NOx, SO2) using electrochemical cells. The temperatures
measured with K-type thermocouples are logged every one
second. An ultrasonic owmeter was used to measure the
heating water ow rate through the heat exchanger in litres per
second. The particulate matter was measured by a DustTrak
DRX aerosol monitor (Model 8533) (mg m�3). The DustTrak has
internal zero calibration and simultaneously reports PM1,
PM2.5, PM4 and PM10. The stove was set on an electronic mass
balance and all instrument functions were checked in advance.
The stove testing system is shown in Fig. 1. The re was ignited
with pre-weighed paper and wood and small pieces of coal. The
experiment included a total of 48 tests: triple replications were
made for each of 16 stove–fuel combinations.

2.1 Fuel preparation

Two fuels were used: semi-coked briquettes and raw coal. The
briquettes are claimed to be a “low smoke fuel”. The raw coal
was broken into smaller pieces approximately 40–60 mm by
hammering to mimic typical user behavior. In the countryside,
fuel markets typically sell oviform and oblate spheroidal coal
briquettes with a diameter of z50 mm and raw coal ranging
from 40 to 60 mm across. The replacement of “low-grade” coal
with either semi-coked coal or biomass briquettes is claimed to
be an effective method for mitigating SO2 emissions.38

The caloric value, moisture content, volatile matter fraction
and elemental composition were analyzed by Northern China
Electric Power University using the methods in the relevant
Chinese national and industrial standards: Agricultural Stan-
dard of the People's Republic of China (NY/T 1881.1-2010)
National Standard of the People's Republic of China (GB/T
28731-2012) – (GB/T 28734-2012).

2.2 Stove testing and test procedure

The laboratory at the China Agricultural University has equip-
ment to dilute and dehydrate the sample of products of
incomplete combustion prior to measurement across a wide
range of concentrations. The dilution ratio can be varied from
3 : 1 to 100 : 1 as required, to keep the concentration within the
operating limits of the DustTrak DRX aerosol monitor (0.001–
150 mg m�3) (Fig. 1). Aer ignition, the dilution remains
constant during each test to avoid errors. The variable dilution
RSC Adv., 2022, 12, 20886–20896 | 20887

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03364j


Table 1 Details and identification of stoves used in the study

Stove ID number Identication Type

Base Baseline stove Top loading, handmade, more than ten years
old, no secondary air supply hole for low power
running, one burner

1-TL (top load) Small orange Top loading, commercial ICS, one burner,
primary air supply for high and low power

2-TL (top load) Light orange grey Top loading, commercial ICS, one burner,
primary and secondary air supply for high and
low power

3-TL (top load) Blue with two pots Top loading commercial ICS, two burners,
primary and secondary air supply for high and
low power

4-TL (top load) Big orange Top loading commercial ICS, one burner,
primary air hole in ash removal door and
secondary air on the upper side of the ash
chamber supply for high and low power

5-TL (top load) Big green Top loading commercial ICS, one burner,
primary air hole in ash removal door and
secondary air supply with the external holes in
the combustion chamber for high and low
power

6-FL (front load) Grey Front loading commercial ICS, one burner,
primary air hole in ash removal door for high
and low power

7-FL (front load) Small green Front loading commercial ICS, one burner,
primary air supply hole for high and low power
in ash removal door
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system overcomes the limitation of xed dilution systems in
that the systematic “error” is overcome through the use of
a dilution and humidity monitoring apparatus that simulta-
neously overcomes the problems created by xed dilution
systems and variable stack humidity. The instrument was cali-
brated in the fashion described. That calibration is maintained
by the correct use of the variable dilution system. The ue gases
are diluted by air containing nearly no CO, CO2 or water vapor
Fig. 1 Schematic diagram of the online testing system with work statio
stations numbers as indicated on the drawing).

20888 | RSC Adv., 2022, 12, 20886–20896
(dew point <�60 �C). The use of this specially prepared dilutant
preserves the calibrated accuracy of the optical measurement
system even if the humidity of the source particles varies widely.
The humidity is controlled (by adjusting the dilution if neces-
sary) in a typical range of 15–30%. The dilution rate is calculated
per 10 seconds by comparing the concentration of CO2 before
and aer dilution, factoring for ambient CO2. Diluted and
undiluted ue gases and diluted particle measurements are
n �numbers (the H2O is a RH sensor. The �30 and �7 etc. are work

© 2022 The Author(s). Published by the Royal Society of Chemistry
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recorded using a data acquisition system. Of the more than 120
approved models commonly available in Hebei Province, 8 were
selected; one being the baseline product as shown in Fig. 2.

Instrument measurements were recorded every 10 seconds
and included: mass change of the system, inlet and outlet water
temperature in the space heating heat exchanger and the
cooking pot heat exchanger, the ow rate of the coolant in each,
the temperature of the uncirculated water in the cooking vessel,
PM and trace gas emissions, ambient and diluted gas humidity,
numerous other temperatures and the ambient air pressure.
During the high power test, the ow of coolant through the
space heating heat exchanger was adjusted for high and low
power tomaintain an output temperature of approximately 50�
20 �C. Without monitoring this variable, the cooling water
might boil at high power which does not happen in typical use.
On the other hand, having a low DT (change in temperature) on
the heat exchanger reduces the accuracy of calculated results.
The concentrations of trace gases H2, SO2, NO, CO, CO2, O2 were
measured directly from ue while in the diluter measurements
included CO2, H2O, H2S. The calculated outputs include the
Fig. 2 Stoves used in the current study with different feeding method a

© 2022 The Author(s). Published by the Royal Society of Chemistry
heating and cooking efficiency, emission rates and the
combined cooking and heating efficiency were performed
according to Beijing Municipal Standard (DB11/T 540-2008).
The re was set according to the manufacturer's instructions.
2.3 Calculations

An adequate quantity of fuel sufficient for the entire experiment
was estimated using the following formula:

Mfuel ¼ 3:6

�
ttestPrNET

LHVfuel htr

�
� 1:1 (1)

where: Mfuel is the mass of the fuel set aside [kg]; 3.6 converts J
s�1 to kJ h�1; ttest is the testing duration [h]; PrNET is rated
heating power [kWNET]; LHVfuel is Lower Heating Value of the
fuel as received (AR) [MJ kg�1]; htr is the rated high power
thermal efficiency [%]; the factor of 1.1 is due to the 10% safety
margin so as not to run out before the test ends.

If the rated thermal efficiency was not available, but the stove
had passed the Beijing Municipal Standard (DB11/T 540-2008),
nd design.

RSC Adv., 2022, 12, 20886–20896 | 20889
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a default thermal efficiency value of 60% was assumed based on
the fact that the stove had been allowed to enter the market.

The stoves performance parameters were calculated using
the equations listed below.

Q1, the heat gained by the space heating heat exchanger was
calculated using eqn (2).

Q1 ¼ Cp;w ðT2 � T1ÞDt flow rateþ
�
Cp;tube

Cp;w

mexch

þmw;exch

�
Cp;w DT exch (2)

D T exch ¼
�
T2 þ T1

2

�
tf

�
�
T2 þ T1

2

�
ti

(3)

where Cp,w is the specic heat capacity of water [J g�1]; T1 is the
heat exchanger inlet temperature [�C]; T2 is the heat exchanger
outlet temperature [�C]; mexch is the mass of the heat exchanger
[g]; mw,exch is the mass of the water in the heat exchanger [g];
DTexch is the change in average temperature of the water in the
heat exchanger [�C]. The rated heating power (PrNET) was
calculated using the eqn (4):

PrNET ¼ Q1

1000
�
tf � ti

� (4)

where tf and ti are nal and initial time [s], respectively.
The heat gained by the cooking pot (Q2) and its uncirculated

contents are calculated using the eqn (5) as follows:

Q2 ¼ Cp,wDT5 (5)

DT5 ¼ (T5)tn+1 � (T5)tn (6)

where DT5 is change in temperature of the cooking pot and its
uncirculated contents, the term (n + 1) � n is the measurement
interval of 10 seconds.

The heat gained (Q3) by the coolant owing through the
cooking pot heat exchanger (tube), the heat exchanger tube, and
the coolant contained within that tube is calculated by eqn (7).

Q3 ¼ Cp;wðT4 � T3ÞDt flow rateþ
�
Cp;tube

Cp;w

mtube

þmw;tube

�
Cp;wDT tube (7)

DT tube ¼
�
T4 þ T3

2

�
tnþ1

�
�
T4 þ T3

2

�
tn

(8)

where DT tube is the change in the average temperature of the
tube and the coolant contained in the tube. The total heat
gained (Q4) by the cooking system during the test period was
calculated using (eqn (9)) as follows:

Q4 ¼ Q2

Xtf
ti

þQ3

Xtf
ti

(9)

The total useful heat (Qt) delivered is the sum of the space
heating and cooking energy is given inMJ by eqn (10) as follows:
20890 | RSC Adv., 2022, 12, 20886–20896
Qt ¼ Q1 þQ4

106
(10)

The total chemical energy (Ut) available from the fuel fed into
the stove during the test in given in MJ by eqn (11) as follows:

Ut ¼ BQnet,var + B0Qnet,var1 (11)

where B is the mass of fuel fed [kg]; Qnet,var is the LHV of the fuel
as received [MJ kg�1]; B0 is the mass of kindling material [kg];
Qnet,var1 is the LHV of the kindling materials as received [MJ
kg�1].

The percentage of useful heat delivered by the stove Qt

divided by the total heat available from the fuel fed Ut, indicates
the fraction of energy utilization. Before starting the test, the
pre-weighed fuel was placed in a container on a platform that
was larger than the stove to adequately limit such possible
drying. The space between the stove and the fuel was about
15 cm, which didn't affect moisture and prevented the fuel from
drying out during use. The test continued for 16 hours from
ignition to the end, and the cooking phase was started three
hours aer ignition. The time was noted before and aer the
cooking phase in order to separately calculate the cooking
efficiency. The change in mass was determined from the scale
data which enables the determination of the fuel mass
consumed during each of multiple space heating and cooking
phases. The thermal efficiency (hc) of cooking was calculated as
a percentage using eqn (12). The space heating efficiency (hh)
was calculated as a percentage using eqn (13). The overall
system efficiency (ht) for cooking and heating was calculated
using eqn (14).

hc ¼
Q4

Ut

100 (12)

hh ¼
Q1

Ut

100 (13)

ht ¼
Qt

Ut

100 (14)

The PM2.5 emission factor (EFPM2.5) was calculated in mg
MJNET

�1 using eqn (15).

EFPM2:5
¼ TPM2:5

Qt

(15)

where TPM2.5 is the total mass of PM emitted [mg] which is
calculated using (eqn (16)); Qt is the total useful heat energy
(eqn (10)) [MJ].

TPM2.5 ¼ PM2.5DrVdil�1 (16)

where TPM2.5 is the total mass of PM2.5 reported during the
sampling interval [mg]; Dr is the dilution ratio between the stack
sample and the diluter sample and is estimated using eqn (17).
Vdil�1 is the volume of emissions in the stack [m3], including
excess air, created by the mass of fuel burned as given by eqn
(18).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Dr ¼ ðCO2 ~stack � CO2 ~ambientÞ
�

�
�
CO2 ~diluted ðCO2 ~stack � CO2 ~ambientÞ

CO2 ~stack

�
(17)

Vdil�1 ¼ VstoDmfuell (18)

where Dmfuel is the change in mass of fuel fed [kg]; Vsto is the
stoichiometric volume gases produced by the combustion of 1
kg of fuel (AR) [m3]; l is the total air demand factor providing
both used and unused oxygen. The CO emission factor was
calculated using eqn (19)

EFCO ¼ mCO

Qt

¼ mcCO � Vdil~1

Qt

(19)

where mCO is the mass of CO emitted during the sampling
interval [g]; mcCO is the mass concentration of CO [g m�3]. The
CO� g

m3

� is converted into COppm(v) using eqn (20)

CO� g

m3

� ¼ COppmðvÞ0:0012334 (20)

where 0.0012334 is the conversion factor.
The fuel saving was calculated using (eqn (21)).

Fuel savings ¼ [1 � (base efficiency/improved efficiency)]

�100 (21)

2.4 Apparatus

A catalogue of test indicators, instruments and testing princi-
ples is given in Table 2. In order to evaluate the performance of
the stoves, sixteen hour tests were rst conducted combining
China's relevant standard methods with observed local behav-
iors. The test sequence comprises various stages informed by
observing the cooking and heating behavior of rural consumers
in Hebei Province, China. The details of this protocol are
provided in Table 3.

3 Results and discussion
3.1 Analyses of the fuels

Both fuels were analysed for their elemental composition,
moisture content, volatile matter fraction and higher heating
value (HHV) (Table 4). The moisture content of raw coal was
higher than that of semi-coked briquettes. The volatiles content
of the semi-coked coal briquettes was low. The nitrogen content
of the briquette was higher than that of the raw coal.

3.2 Thermal performance

The test results show that for each fuel-stove-use pattern, all
stoves except the baseline and 5-TL met the thermal efficiency
requirement ($60%) of the relevant standard (DB11/T 540-
2008). The thermal and emissions performance indicators are
presented in Table 5 according to the relevant standard (DB11/T
540-2008). The thermal efficiencies for all eight stoves are
© 2022 The Author(s). Published by the Royal Society of Chemistry
presented in Fig. 3. The results show that the new, project-
approved stoves had much higher thermal efficiencies than
the baseline stove. The thermal efficiency of the baseline stove
was poor, even though sometimes it had good combustion
efficiency. The failure to perform is due to the low heat
exchange surface area per rated kW compared with the new
stoves. The average baseline stove efficiency was 48.8 � 1.4%
burning coal briquettes and 38.5 � 2.8% burning raw coal. The
average fuel savings, calculated using eqn (21) for each stove
and then averaged, was 44%. Stove 2-TL was found to be the
most efficient (87.2� 0.5%) burning briquettes and 62.9� 0.6%
burning raw coal. The least efficient stove was the 5-TL with an
average thermal efficiency of 61.2 � 3.2% and 52.6 � 4.2%
burning coal briquettes and raw coal respectively. Despite these
low values, stove 5-TL will still save 1/3rd of the fuel compared
with the baseline stove. Previously, mixed results have been
reported with some authors nding no signicant differences
between some stoves and fuel types.8
3.3 Emission measurement

3.3.1 Particular matter (PM2.5). The emission performance
results (Fig. 4) show that the average (for high and low power)
PM2.5emitted from the baseline stove was 9.4 � 0.4 mg MJNET

�1

burning raw coal while burning semi-coked briquettes it was 2.5
� 0.4 mg MJNET

�1. Stove 2-TL was better for raw coal: 1.1 �
0.6 mg MJNET

�1 but signicantly worse for burning briquettes:
5.2 � 0.6 mg MJNET

�1. All the improved stoves produced less
PM2.5 than the baseline model with stove 6-FL emitting the
least: 1.0 � 0.7 mg MJNET

�1 while burning briquettes followed
by 4-TL at 1.6 � 0.6 mg MJNET

�1 and 3-TL at 1.1 � 0.3 mg
MJNET

�1.
The average PM2.5 emissions when burning raw coal for the

other stoves were 3-TL: 3.2 � 1.0, 1-TL: 5.2 � 0.6, 5-TL: 2.7 � 0.5
and 6-TL: 6.5 � 0.3 mg MJNET

�1. Li et al.39 reported that in
China, the average emission of PM2.5 declined some 92% when
semi-coke briquettes were used as fuel in traditional stoves.
This study shows that a 40� 1.1% reduction can be achieved by
replacing the baseline stove with a Model 2-TL while continuing
to burn raw coal. A similar variation in combustion quality
between high and low power has been reported for the same
types of fuel.40

3.3.2 CO/CO2 ratio. The lower the CO/CO2 ratio, the more
complete the combustion of carbon. The CO/CO2 ratios during
high power for the baseline and 5-TL stoves burning coal
briquettes (Fig. 5) were almost equivalent: 7.4 � 0.7% versus 7.1
� 0.8%, respectively. The stove 2-TL, the best performing stove
on this metric, scored a CO/CO2 ratio of 1.1 � 0.3%, burning
coal briquettes and 1.4 � 0.4% burning raw coal. The average
CO/CO2 ratios for stoves burning raw coal were all higher than
when burning briquettes: 1-TL: 3.1 � 0.5%, 3-TL: 3.5 � 0.5%, 4-
TL: 3.7 � 1.1%, and 5-TL: 6.4 � 0.5%. Burning briquettes, the
scores were, 1-TL: 3.1 � 0.5%, 3-TL: 3.5 � 0.5%, 4-TL: 3.7 �
1.1%, and 5-TL: 6.4 � 0.5%. Stoves 6-FL and 7-FL had better
performance than the baseline stove during high power oper-
ation (2.3 � 0.6% and 1.6 � 0.3%, respectively), but were worse
(3.7 � 0.6% and 3.7 � 1.1%, respectively) when operated at low
RSC Adv., 2022, 12, 20886–20896 | 20891
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Table 2 Description of test indicators, equipments and testing principlea

Test indicators Unit Equipment Precision Measuring range Test principle

Fuel mass loss g Straw FCN-V10 �0.1% 30–600 kg Double beam sensor
electronic scale

Flue gas (O2, CO2, CO, NOx,
SO2) concentration

ppm MRU Vario Plus �0.1% O2, CO2, CO, NOx, SO2 ¼ 0–
10 000 vol% EC

CO2 used NDIR, others use
EC sensors

CO2 ¼ 0–30% (NDIR)
Particulate matter mg

m�3
DustTrak DRX Aerosol
Monitor 8533 Desktop

�0.1% of reading of
0.001 mg m�3, whichever is
greater

0.001–150 mg m�3 Light scattering;
simultaneously reporting
size-segregated mass
fraction concentrations
corresponding to PM1.0,
PM2.5, respirable, PM10

and total PM
Analysis of ue gas
concentration of diluents:
CO2, H2O, H2S

ppm DP00112/DP00118 �2% FS 0–30 000 ppm CO2 using NDIR, H2S using
EC sensors, H2O using
a humidity sensor

TESTO 6681+6614

Determination of water
ow

ml
s�1

TUF-2000P �1% 0 � 10 m s�1 Ultrasonic ow
measurement

Temperature �C Thermocouple �0.2 �C �270 to 1260 �C Thermocouple thermo
electromotive force

a Note: NDIR ¼ non-dispersive infra-red; MV ¼ measured value; FS ¼ full scale reading; EC ¼ electrochemical.
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power. Interestingly, these two stoves were also superior to all
the others when burning raw coal during both high and low
power operation. It is observed that all stoves operating at high
Table 3 Description of >16 hour test including ignition and end stages

Testing stage Duration (h) Pu

Ignition and adjustments Depends on the ignition Sta
sto

High power 2 Co

Low power 10 Spa

Cooking and heating at high power 1 Co

High power 3 Spa

End stage Depends on the fuel burning Tes

20892 | RSC Adv., 2022, 12, 20886–20896
power had relatively good CO/CO2 ratios but the combustion
quality deteriorated as the burn rate and combustion temper-
atures decreased. A similar variation in coal combustion quality
rpose Reason

rt the ignition and adjust the
ve accurately

The test begins with ignition of the
fuel and with a burning period of
approximately 30 minutes while the
stove is adjusted for best
performance. Because the stove is
kept burning over the entire heating
season, ignition occurs only once,
hence the ignition phase and the
fuel burnout phase are not included
when comparing and evaluating
stoves in this context

oking breakfast The purpose of the high power aer
ignition is to make breakfast within
two hours and also for space
heating

ce heating The fully loaded stove is run at low
power for 10 hours for space
heating. Stove power is adjusted by
controlling the inlet air

oking dinner Aer 10 h low power, the stove was
run at high power for evening
cooking purposes for one hour
duration

ce heating Aer cooking the stove is operated
on high power for three hours to
warm the room for comfortable
sleep for the household

t end Ending process depends on the fuel
burned completely aer the three
hour high power phase

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Industrial analysis and elemental analysis of fuela

Content Raw coal
Briquette
coal

Mar/% 9.04 3.5
Aar/% 5.7 15.7
Var/% 27.14 10.2
FCar/% 58.14 70.6
Qnet,ar/MJ kg�1 17.41 25.89
Car/% 67.5 60.3
Har/% 4.5 4.1
Nar/% 0.9 0.84
Sar/% 0.4 0.33
Oar/% 20.4 18.2

a Note: ar ¼ as received; M ¼ moisture content; A ¼ ash content; V ¼
volatile matter content; FC ¼ xed carbon content; C ¼ carbon
content; H ¼ hydrogen content; N ¼ nitrogen content; Qnet ¼ lower
caloric value; S ¼ sulfur content; O ¼ oxygen content.

Table 5 Thermal and emissions performance indicators according to
the Chinese testing method (Beijing Municipal Standard, DB11/T 540-
2008)

Unqualied Qualied
Exceeding
requirement

Thermal performance
Cooking power
(kW)

Pc < 11.3 Pc $ 11.3–50 Pc # 50

Thermal
efficiency (%)

hc $ 60 hc $ 60–65 hc $ 65

Emission performance
Smoke mass
concentration
(mg m�3)

<10 10–30 <30

NOx (mg m�3) <150 150–150 <150
CO (%) <0.2 0.2–2.0 <2.0

Fig. 3 Thermal efficiency of various stoves using briquettes and raw
coal. The error bars indicate the standard deviation (�SD) of three
replications.

Fig. 4 PM2.5 emission performance of improved stove in comparison
to baseline.
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between high and low power has been reported by reference 41

and for other types of fuel like wood or kerosene42 and the
inverse for ethanol gel.43

3.3.3 CO emission factor. Fig. 6 shows that the CO emis-
sion factors for all improved stoves are lower than the baseline
value. The maximum values (8 � 0.6 and 7.1 � 0.6 g MJNET

�1)
were obtained during high and low power operation when
burning raw coal in the baseline stove. The minimum emission
factors (1.66 � 0.44 and 0.55 � 0.28 g MJNET

�1) during low and
high power operation, respectively, were achieved by stove 2-TL.
Overall, the stoves performed better than the baseline product
when burning briquettes. Even the baseline stove gave lower
emissions burning briquettes at low and high power than for
raw coal. In an earlier study,44 the CO concentration of 0.07 mg
m�3 when burning “clean” briquettes was signicantly lower
than when burning the raw coal 4.25 mgm�3, though we hasten
to add that the testing methodology was different. In another
study,45 the CO emission factor was reported to be between 1200
and 3200 mg MJ�1 (fuel) for wood stoves and between 92 and
270 mg MJ�1 (fuel) for pellet stoves, again using a different
© 2022 The Author(s). Published by the Royal Society of Chemistry
method. Similar ndings with a little variation have been re-
ported in a previous study conducted in the BTH region by Cui
et al.46 Together, these studies indicate that more modern stoves
have better combustion quality.
3.4 Overall performance

The overall thermal efficiency improvement, fuel saving and
emission reduction performance comparison (Table 6) shows
that the maximum thermal improvement and fuel saving 44 �
1.1% and 78.6 � 0.3% was obtained for the 2-TL stove with coal
briquette, the maximum reduction in emissions of PM2.5 63.0�
1.9% and CO 42.2 � 0.4% with briquette coal was also achieved
for this model. It was found that the repower of stove 2-TL
varied signicantly with fuel type (86.7 � 0.8% high power with
coal briquettes and 61.9 � 1.1% high power with raw coal). This
demonstrates that the context of use – stove + fuel + operating
sequence – strongly affects the performance.
RSC Adv., 2022, 12, 20886–20896 | 20893
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Fig. 5 CO/CO2 ratio of the improved stove in comparison to the
baseline stove with briquettes and raw coal during high power and low
power.

Fig. 6 Emission factors of CO from the improved stoves using
briquettes and raw coal in comparison to the baseline stove.
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The absolute values for this study differ from others, which
can be attributed to differences in the experimental design, the
fuels, the testing method and the calculations and metrics
employed. Unfortunately, our ndings are not directly compa-
rable with other results. In a previous study,47 the results
showed improved stove reduced emissions of CO 22%, CO2 28%
and PM2.5 27% in comparison to a traditional stove.

Previously, mixed results have been reported with some
authors nding no signicant differences between some stove
and fuel types48–50 while others51,52 reported that improved
stoves had signicantly better thermal efficiency and reduced
emissions similar to our results.
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4 Conclusions

This study was conducted to investigate the thermal efficiencies
and emissions of seven dual-function cooking and heating
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stoves burning semi-coked coal briquettes and raw coal. A
comparison was also made between the improved stoves and
a traditional baseline stove. Sixteen hour tests were conducted
to evaluate the thermal and emissions performance. The results
show that in general, all the improved stoves were better than
the baseline stove but not on all metrics in all cases. The
commercially produced model 2-TL stove had the highest
thermal efficiency (87.2 � 0.5%) and the lowest emissions of
PM2.5 0.94 � 0.5 mg MJNET

�1 and CO 1.1 � 0.6 g MJNET
�1, when

burning 50 mm briquettes.
It is concluded that with respect to these improved stove

designs, semi-coked coal briquettes produce better perfor-
mance. The improved stoves had higher thermal efficiencies
and lower specic emissions on all metrics, contributing to
a cleaner environment, saving fuel expenses, and improving the
health of the general population, as well as offering greenhouse
gas mitigation co-benets.
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