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Approximately three billion people worldwide rely on solid fuels for cooking and heating with traditional stoves
or open fires, resulting in severe air pollution which leads to approximately four million premature deaths every
year. Here, we present a novel clean combustion technology (NCT) to overcome the inherent defects of existing
technologies and reduce emissions from solid fuel combustion. We compared gaseous and particulate emissions
from coal combustion between a prevailing traditional domestic stove and an NCT stove. The average reductions
were 99% for particulate matter with dynamic diameter less than 2.5 μm (PM2.5), 99% for organic carbon (OC),
98% for elemental carbon (EC), 96% for carbon monoxide (CO), 93% for methane (CH4), 91% for volatile
organic compounds (VOCs), 89% for ammonia (NH3), and 99% for carbonyl sulfur (COS). The average coal
combustion efficiency was enhanced from 52.6% in the traditional stove to 92.6% in the NCT stove. The novel
technology was also successfully applied to the construction of an industrial boiler with a similar or better
reduction in air pollutants than the NCT stove. The emission factors of various pollutants from the NCT stoves
and boilers fueled with bituminous coal are comparable to those from advanced coal-fired power plants. The
wide application of the NCT worldwide, especially in developing countries, would be beneficial to individual
health, local air quality, and global climate change.
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1. Introduction
Solid fuels (e.g., wood, crop residue, coal, etc.) have played an
important role in the energy supply for human daily life and production
(Bonjour et al., 2013; Dudley, 2020). Although solid fuels have gradu
ally been replaced by other energy sources (e.g., natural gas, oil, and
power) over the past century (Bonjour et al., 2013), approximately 3
billion people worldwide still rely on solid fuels burned in traditional
stoves or open fires for cooking or heating (Bonjour et al., 2013). This
traditional combustion equipment often emits large amounts of gaseous
and particulate pollutants (Bonjour et al., 2013; World Health Organi
zation (WHO). 2014), resulting in approximately 4 million premature
deaths worldwide every year (Lelieyeld et al., 2015; Cohen et al., 2017)
and severe regional atmospheric pollution, for example, the atmospheric

brown cloud in South Asia (Ramanathan et al., 2007; Gustafsson et al.,
2009) and haze in China (Liu et al., 2016; Shen et al., 2019). Inefficient
combustion also results in the emission of greenhouse gases (i.e., carbon
dioxide, methane, and nitrous oxide) and intensifies global warming
(Grieshop et al., 2009; WHO, 2014; IPCC, 2014). High gaseous and
particulate emissions are mainly ascribed to inefficient layer combustion
technology (LCT) in traditional stoves and open fires. The combustible
pyrolysis components (soot, carbon monoxide (CO), volatile organic
compounds (VOCs), etc.) formed from the combustion of solid fuels with
LCT can easily escape into the atmosphere before burning (Fig. 1a)
(WHO, 2014; Mutlu et al., 2016).
To reduce the serious emissions from solid fuel combustion, various
improved stoves have been designed and implemented in recent decades
(Arora et al., 2016; Ochieng et al., 2017; Gutierrez et al., 2020), such as
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rocket stoves (Ochieng, 2017), downdraft stoves (Atteberry, 1912),
gasifier stoves (Njenga et al., 2016), forced-air stoves (MacCarty et al.,
2010), and catalytic stoves (Hukkanen et al., 2012). These stoves have
been developed mainly through mechanical changes or accessory ad
ditions. Rocket stoves were designed with a “rocket elbow” structure
based on the rocket principle for biomass (Bryden et al., 2005). This
design can reduce CO emissions by 75% and particulate matter (PM)
emissions by 46% than three-stone open fires (MacCarty et al., 2010).
Downdraft stoves were invented in the 1910s (Atteberry, 1912) and
further implemented during the 1950s–1970s (Waslo, 1982). The
downdraft stove achieves the combustion of solid fuels with an air
supply from top to bottom based on inverse combustion technology
(ICT) (Fig. 1b). Modern downdraft stoves have been improved by the
optimal design of gas combustion chambers and secondary air (Syc
et al., 2011; Li et al., 2016a). Downdraft stoves can efficiently reduce
PM2.5 emissions by 79% (Li et al., 2016a); however, their broad appli
cation is largely restricted due to serious CO emissions (Waslo, 1982; Syc
et al., 2011; Li et al., 2016a), unstable combustion (Waslo, 1982), heavy
slagging formation (Kuang et al., 2014), smelting of the fire grate (Hung
et al., 2018), and difficult ignition (Kuang et al., 2014). To lower
emissions, gasifier stoves have recently been developed and applied in
the developing world (Torres-Rojas et al., 2014). Gasifier stoves opti
mize combustion chambers to limit primary air for solid fuel gasification
and provide sufficient secondary air for gas combustion (Njenga et al.,
2016). Gasifier stoves can dramatically reduce PM emissions by 90%
than three-stone fires (Njenga et al., 2016). However, gasifier stoves
emit high amounts of CO (Syc et al., 2011; Njenga et al., 2016). In
addition, the charcoal by-product is not useful for every household,
although it can be used as a soil amendment (Jeffery et al., 2013). The
improved stoves mentioned above are all natural draft stoves. However,
these types of stoves still have high gaseous or particle emissions.
Fans or catalysts have been introduced to improve stoves by
providing sufficient air or secondary catalytic oxidation of flue gas
(MacCarty et al., 2010; Hukkanen et al., 2012). Forced-air and catalytic
stoves can reduce PM emissions by 90% and 82% and CO emissions by
90% and 70%, respectively, compared to three-stone fire during flaming
combustion (MacCarty et al., 2010; Paulsen et al., 2019). When smol
dering combustion for a suitable heating temperature, the fans are
usually closed, and the catalysts have no effect because of a low furnace
temperature (Paulsen et al., 2019), resulting in high gaseous and particle
emissions from the stoves. Therefore, it is difficult for solid fuels to
achieve complete combustion in household cooking and heating stoves
(MacCarty et al., 2010; WHO, 2014; Arora et al., 2016). To protect
health and mitigate climate change, the Global Alliance for Clean

Cookstoves (GACC), hosted by the UN Foundation, aims to develop
clean combustion technologies for solid fuels to reduce serious
emissions.
Considering the inherent advantages and disadvantages of existing
stoves and combustion technologies (rocket principle, LCT, and ICT), we
developed a novel clean combustion technology (NCT) for solid fuel
combustion. The gaseous and particulate emissions from a domestic
stove constructed with the NCT were investigated and compared with
those from traditional stoves for coal combustion. The feasibility of
replacing existing domestic stoves with NCT stoves in the BeijingTianjin-Hebei (BTH) region was roughly evaluated based on invest
ment, energy usage efficiency, and sustainability.
2. Materials and methods
2.1. Domestic stoves
A common traditional domestic stove and a NCT domestic stove were
studied in this work. The traditional stove was purchased from a market
in Hebei Province, China. The type of domestic stove studied is
commonly used to combust raw coal by households in China for heating
and cooking. The traditional stove was constructed based on the LCT and
can supply heat for an indoor area of approximately 150 m2 through
water-based heating systems [Video S1 in the Supporting Information
(SI)]. The stove contains a furnace in the center, a grate at the bottom, an
ash chamber under the grate, an air inlet at the bottom side, a heat
exchanger on the top side of the metallic cover, and a chimney at the top.
The chimney can drive the air from the bottom ash door through the
furnace for coal combustion and then transport flue gas into the atmo
sphere. The combustion rate can be controlled by changing the air
supply by closing and opening the ash door (Liu et al., 2017). When the
air inlet was fully opened, the combustion rate of coal in the stove was
the fastest for cooking or fast heating (defined as the flaming combustion
process). When the air inlet was closed, the rate of coal combustion was
slowed to maintain a suitable indoor air temperature and save fuel after
cooking or fast heating. The furnace was usually fueled fully to keep the
fire from extinguishing for several hours (defined as the smoldering
combustion process).
The NCT stove contained a fuel chamber on the left, gas combustion
chamber on the right, grate at the bottom of the left chamber, ash
chamber under the grate, air inlet at the left bottom, heat exchanger on
the top side of the metallic cover, and chimney on the top (Video S1).
The coal was loaded from the top of the left chamber and cooking was
performed on the top of the right chamber. The chimney can drive air

Fig. 1. Three combustion technologies for solid fuel (a: Layer combustion technology LCT; b: Inverse combustion technology ICT; c: Novel combustion technol
ogy NCT).
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from the ash door and the combustible pyrolysis components from the
reduction layer through the bottom coal layer to the right combustion
chamber for complete co-combustion. When the air inlet was fully
opened or closed, faster combustion (defined as the flaming combustion
process) or slower combustion (defined as the smoldering combustion
process) were chosen for cooking or heating. The NCT domestic stove
could supply heat to approximately indoor 150 m2.
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.jclepro.2021.128864.

smoldering processes with the air inlets opened fully and then burned
out completely without any coal loading.
Bituminous coal from the Inner Mongolia coal mine was selected as
the fuel for combustion in this study. Raw bituminous coal is widely used
for cooking and heating in northern China because it is much more
combustible than anthracitic coal. Raw bituminous coal was purchased
from a market in Hebei Province and broken into pieces of 3–8 cm in
diameter before combustion. The components of the raw coal (Table 1)
were analyzed by the China National Coal Quality Supervision and
Testing Center.

2.2. Combustion experiments

2.3. Sampling and analysis

An emission collection hood system was used to conduct combustion
experiments. The hood system (Fig. S1) was built with a combustion
chamber, a dilution tube, and a pump (CZ-40B, Yongshang Co. Ltd.,
China), based on previous studies (MacCarty et al., 2010; Du et al., 2016;
Li et al., 2016). The combustion chamber was made of a stainless steel
bracket covered by glass windows in the upper part and charcoal filters
at the side, with dimensions of 1.0 m × 1.0 m × 2.5 m. The testing stove
(NCT and LCT stove) with a chimney (120 mm in diameter and 1.8 m in
length) was placed inside the chamber. The dilution tube was made of a
stainless steel tube with a diameter of 260 mm and length of 6.0 m,
connecting with the chamber and the pump at the two ends. With the
pump driving, the flue gas from the chimney was diluted in situ in the
dilution tube using ambient air, which was purified using charcoal fil
ters. The flow rate in the dilution tube was controlled at 13.0 m/s, which
was measured using a Pitot Tube manometer (KD-102, Ruijun Co. Ltd.,
China). Twelve sampling tubes with an inner diameter of 4.0 mm were
evenly distributed on the dilution tube. To evaluate the gaseous and
particulate emissions for the NCT and LCT stoves, alternation cycles of
flaming and smoldering combustion processes were adopted in this
study based on the residential customs of using coal stoves (Du et al.,
2016; Liu et al., 2017). The flaming combustion process is usually
conducted by residents three times a day and once before sleeping. The
smoldering combustion process is usually used to maintain a suitable
indoor air temperature and to avoid the fire extinguishing. Each flaming
combustion process lasts approximately 60 min and the following
smoldering combustion process is sustained for approximately 3 h dur
ing the daytime and 8–10 h during the night. In this study, during each
flaming combustion process with 60 min, 3 kg of fresh coal was loaded 7
and 35 min after the opening of the air inlet. At the end of the flaming
combustion process, 4 kg of fresh coal was immediately loaded into the
stove, and the air inlet was closed for the smoldering combustion process
with 3 h during the daytime and 8–10 h during the night. Each alter
nation between the flaming and smoldering combustion experiments
was repeated four times in this study. The combustion chamber and
stoves were thoroughly cleaned after each test to avoid carryover issues.
The dilution tube was also cleaned by the purified air with high flow for
several hours till the gaseous and particulate emission concentrations
were equal to or less than the ambient level.
Domestic stoves are usually kept fired during the entire winter,
especially in northern areas of China. The NCT and LCT stoves in this
study were ignited with lit lighter wood. In the NCT stove, small wood
blocks (approximately 0.5 kg) were loaded into the bottom of the fuel
chamber, and then about 10 kg coal was fed fully into the chamber. The
wood was lit by burning paper with a lighter; then, the coal was ignited
within minutes by the wood (Video S1). In contrast to the NCT stoves, in
the LCT stove, wood blocks were loaded at the bottom of the chamber,
and then a small amount of coal (approximately 0.5 kg) was loaded on
the wood (Video S1). More coal (approximately 1.0 kg) was loaded after
the wood and the first coal was fired. Finally, more fresh coal (approx
imately 2.0 kg) was added after the previous coal was ignited
completely. The igniting process for the NCT stoves lasts 2–5 min before
the coal burns stably; however, the process for LCT stove lasts 15–30
min. Burning out processes were conducted after the experiments for the
NCT and LCT stoves. The coal in the stoves was reburnt after the

To reveal the gaseous and particulate emissions from coal combus
tion in the NCT and LCT stoves, PM2.5, SO2, and NOx were directly
measured and other emissions (i.e., OC, EC, NH3, VOCs, COS (carbonyl
sulfide), N2O, CH4, CO, and CO2) were sampled to be measured during
the alternation cycles of flaming and smoldering processes. The mass
concentrations of PM2.5 in the dilution tube were measured using a
particle analyzer (TEOM 1405, Thermo Scientific, US). SO2 and NOx
were measured online using an SO2 analyzer (Model 43i, Thermo Sci
entific, US) and NOx analyzer (Model 42i, Thermo Scientific, US),
respectively. Quartz filters were used to collect total suspended particles
(TSP) using a TSP sampler (2 L/min). The organic carbon (OC) and
elemental carbon (EC) in the TSP samples were analyzed using a DRI
thermal optical carbon analyzer (DRI-2001A, Atmoslytic Inc., US)
(Chow et al., 1993). Water-soluble ions (WSIs) in the TSP samples were
analyzed by ion chromatography (IC6200, WAYEE, China.) (Liu et al.,
2017). A sulfuric acid solution (0.5 mM) was used to absorb gaseous NH3
and detected by an ion chromatography (IC6200, WAYEE, China.) (Liu
et al., 2017). A series of flue gas samples in the dilution tube were
collected using glass syringes (100 mL) after passing through a filter
(0.45 mm) at different intervals (Du et al., 2016) in the flaming and
smoldering processes. The gas samples were measured for VOCs, COS,
N2O, CH4, CO, and CO2 by gas chromatography. 57 specie VOCs of
C2–C12 hydrocarbons were measured by a developed gas chromato
graph equipped with a flame ionic-detector GC-FID after separation by
an OV-1 capillary column (30 m × 0.32 I.D. × 1.0 μm F.T.) (Liu et al.,
2017). COS was measured using a gas chromatograph equipped with a
flame photometric detector (GC-FPD, GC-2014, Shimadu, Japan) after
separation by a packed column (2.0 × 4.0 mm) of 20% SE-30 on chro
mosome P (60–80 mesh) (Du et al., 2016). N2O was measured by a gas
chromatography equipped with an election capture detector (GC-ECD,
Model SP3410, Beijing Analytical Instrument Factory, China) after
separation by packed columns (two identical columns, 2.0 m × 4.0 mm
I.D.) of Porapak Q (80–100 mesh) (Zhang et al., 2013). CH4, CO and CO2
were measured by a gas chromatograph equipped with a Ni converter
and a flame ionization detector (GC- Ni catalyst - FID, GC112A,
Shanghai Precision & Scientific Instrument Co. Ltd., China) after sepa
ration by a packed column (2.0 m × 3.0 mm I.D.) of TDX-01 (60–80
mesh) (Pei et al., 2012; Du et al., 2016). A detailed description of the
sampling and measurement can be found in SI text S1.

Table 1
The composition proportions and the net calorific value of the raw bituminous
coal.

3

Components

Value

Components

Value

Moisture (%)
Ash (%)
Volatile matter (%)
Fixed carbon (%)
Net calorific value (MJ/kg)

11.60
12.51
26.26
50.05
22.92

Carbon (%)
Hydrogen (%)
Nitrogen (%)
Sulfur (%)
Oxygen (%)

60.66
3.19
0.80
0.26
11.40
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2.4. Emission factor (EF)

stove achieved no smoke combustion for a mixture of solid fuels with
crop straw, wood, plastic, and rubber (Video S2). The visual comparison
confirmed that the NCT stove can drastically reduce smoke emissions
from the combustion of solid fuels.
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.jclepro.2021.128864.

The EFs (g/kg) of the pollutants from domestic stoves were calcu
lated using the following formula:
∑
Cit QΔt
EFi =
(1)
mc

3.2. Reduction in major pollutants with the NCT stove

where EFi (g/kg) is the emission factor of species i; Cit (g/m3) is the
concentration of species i at time t for the transient air sample in the
dilution tube or the average concentration of species i during the period
of sampling from time t to t+Δt by subtracting the background in the
ambient air; Q (m3/h) is the flow rate in the dilution tube; Δt is the time
interval of sampling; and mc is the mass of the coal loading. If the
concentrations of the gaseous pollutants were in the units of ppbv or
ppmv, they were transformed to the unit of g/m3 by multiplying the
molar mass of the molecule (g/mol) and dividing the molar volume
(24.45 L/mol at 298 K).

To quantitatively evaluate the reduction effect of the NCT stove,
various pollutants emitted from the NCT and LCT stoves were compar
atively measured based on the dynamic dilution method of hood (Du
et al., 2016). The emission characteristics of PM2.5 from the NCT and
LCT stoves during four alternation cycles of flaming and smoldering
combustion in one day, reflecting the coal combustion habits of house
holds in northern China, are illustrated in Fig. 2. The three peak emis
sions of PM2.5 from the LCT stove during each combustion cycle were
attributed to the extinguishing of the flame caused by the coal loading
(Liu et al., 2016) (twice during the flaming process and once during the
smoldering process), which was in line with the smoke emissions in
Video S1. As for the NCT stove, obvious PM2.5 emission was observed
during each flaming combustion process, but the peak values (around
2.0 mg/m3) of PM2.5 were a factor of 5–15 less than those (12.6–29.3
mg/m3) from the LCT stove under approximately the same combustion
rates. OC and EC were found to be the dominant components of PM from
the LCT stove during different combustion processes (including igniting,
flaming, smoldering, and burning out), whereas the concentrations of
WSIs from the NCT stove were generally higher than those of OC and EC,
with the exception of during the short-time igniting period (Fig. S2).
These results indicate that the NCT stove could achieve nearly complete
combustion of the major combustible particulate pollutants, such as OC
and EC, to dramatically reduce emissions.
Similar to the emission of PM2.5, two remarkable emission peaks of
CO, CH4, VOCs, and NH3 were observed during the flaming combustion
process with twice the coal loading, and extremely high concentrations
lasted for hours during the smoldering combustion periods for the LCT
stove, whereas their concentrations from the NCT stove were close to the
ambient air during the entire combustion period (Fig. 3). The gaseous
pollutants were greatly reduced because of their burnout in the NCT
stove with high furnace temperature and sufficient air supply. The high
furnace temperatures of 800–1000 ◦ C during the flaming process and

2.5. Combustion efficiency (CE)
The combustion efficiency (CE) of coal in stoves was estimated based
on the average EFs of CO2 from the whole process in the stoves and the
carbon content of coal adopted in this study. The calculated formula is as
follows:
CE =

EFCO2 Mc
× 100%
MCO2Cc

where CE (%) is the CE of coal in the NCT and traditional stoves, EFCO2
(g/kg) is the average emission factor of CO2, Mc is the molecular weight
of carbon (12 g/mol), MCO2 is the molecular weight of CO2 (44 g/mol),
Cc is the carbon the carbon mass content (606.6 g/kg) in the bituminous
coal.
3. Results and discussion
3.1. Novel combustion technology
In contrast to the air supply passing through the entire fuel layer for
the LCT and ICT (Fig. 1a and 1b), in the NCT, the air supply (Fig. 1c) only
passes through a thin fuel layer (designated as the oxidation layer) to
ensure sufficient air to support complete combustion. The various de
fects (e.g., serious pollution emissions, unstable combustion, and slag
ging formation) of the traditional and improved stoves (Waslo, 1982;
Kuang et al., 2014; Mutlu et al., 2016; Hung et al., 2018) mentioned
above can be overcome by the NCT. First, combustible volatile compo
nents from the pyrolysis of fuels in the reduction layer (above the
oxidation layer) are driven into the oxidation layer to achieve complete
co-combustion with the burning carbon under sufficient air by a chim
ney. Second, the combustion is very stable because the combustion is
independent of fuel loading, and the solid fuel above the reduction layer
acts as a reservoir for continuously compensating the consumption of
the fuel in the oxidation layer under the effect of gravity. Third, the
formation of heavy slagging and smelting of the fire grate is almost
impossible because the ash in the thin layer at the bottom is easily
removed under the gravity effect, and the fire grate is under a relatively
low temperature due to the side flame and the cooling of the air supply
at the bottom. Finally, ignition is very easy because of the short distance
of air passing through the thin bottom solid fuels and fast heating fuels
and chambers (Videos S1 and S2).
As shown in SI Video S1, no smoke could be observed in the chimney
of the NCT stove fueled with bituminous coal during the entire com
bustion process, with the exception of during the initial 2-min ignition,
whereas strong smoke for the two traditional LCT stoves prevailing in
the north of China lasted from tens of minutes to several hours during
the ignition, flaming, and smoldering processes. Additionally, the NCT

Fig. 2. The variation characteristics for PM2.5 concentrations in the dilution
tube (methods) during combustion of the bituminous coal by the LCT stove (red
line) and the NCT stove (blue line) with the four alternative combustion cycles
of flaming (the periods marked by the yellow rectangles) and smoldering (the
periods marked by grey rectangles) combustion processes in one day.
4
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Fig. 3. The average variation characteristics for the concentrations of CO, VOCs, CH4 and NH3 in the dilution tube during combustion of the bituminous coal by the
NCT stove (the blue lines) and the LCT stove (the pink lines) with the four alternative combustion cycles of flaming (the periods marked by the yellow shadows, FP)
and smoldering (the periods without colors, SP) combustion processes. The shadows of the pink lines and blue lines represent the concentrations’ ranges of the
pollutants with their maximums and minimums.

300–1000 ◦ C during the smoldering process (Fig. S3) could promote the
complete combustion of the pyrolysis gases in the NCT stove furnace
with high residual oxygen concentrations of 4%~8% and 11%~16%
during flaming and smoldering processes. The nearly complete com
bustion might be the major factor to reduce the combustible emissions
from coal combustion in the optimized design of the stove based on the
NCT.
To quantitatively evaluate emissions from coal combustion in the
NCT and LCT stoves, the EF of the pollutants were estimated and are
summarized in Table 2. With the exception of SO2, NOx, N2O, and CO2,
the EFs of various pollutants from the NCT stove were approximately
1–2 orders of magnitude lower than those from the LCT stove but at
approximately the same levels as those from advanced coal-fired power
plants. According to the average EFs in this study, the NCT stove reduced
PM2.5, OC, and EC emissions by 99.1% ± 0.2%, 98.8% ± 0.4%, and
98.4% ± 1.1%, respectively and CO, CH4, VOCs, NH3, and COS by
96.3% ± 1.1%, 92.7% ± 2.2%, 90.9% ± 5.7%, 88.9% ± 2.4%, and
99.3% ± 0.2%, respectively, compared to the LCT stove.
Because a considerable fraction (average 18.5% ± 3.7%) of carbon in
the coal was emitted as combustible pollutants by the LCT stove (Text
S3), the remarkable reduction in the pollutant emissions by the NCT
stove meant that the coal CE was greatly improved. The average CE of
92.6% ± 7.6% for the NCT stove was enhanced by approximately 40%
from 52.6% ± 11.6% for the LCT stove. Low CE of the LCT stove was also
evidenced by the residual coal in the ash (Fig. S4). The modified com
bustion efficiency (MCE) was calculated based on the EFs of CO and CO2.
The average MCE of 99.6% ± 0.1% for the NCT stove was not only
higher than for the LCT stove (84.1 ± 4.5%) but was higher than the

reported 96.5% ± 1.8% and 92.8 ± 3.6% for new stoves and traditional
stoves (Li et al., 2016), respectively. Based on either CE or MCE, the NCT
stove could indeed achieve a clear burning of coal.
The similar emissions of SO2 and NOx for the two stoves indicated
that their emissions mainly depended on the sulfur and nitrogen con
tents in the coal, rather than the CE (Cen et al., 2002). Therefore,
low-sulfur and low-nitrogen coal should be chosen for household heat
ing or cooking. Nevertheless, a remarkable reduction in SO2 emission for
the NCT stove (approximately 35%) can be easily achieved by coating
the surface of household raw coal with Ca(OH)2 (Fig. S3).
The EFs of various pollutants from the LCT stoves measured in this
study were within the ranges reported in the literature (Table 2). The
wide ranges of the EFs reported were mainly ascribed to different types
of coal adopted and manipulation of the coal stove (e.g., the amount of
coal loading for each time and the combustion processes) (Streets, 2003;
Zhang et al., 2008; Zhi et al., 2008; Shen et al. 2010, 2014; Chen et al.
2015, 2016; Li et al., 2016b; Sun et al., 2018). It should be mentioned
that the EFs were usually measured in previous studies based on an
entire combustion process (including igniting, flaming, and burning out
processes) (Zhi et al., 2008; Sun et al., 2018), which might be less
representative of the actual case because the stoves are usually kept fired
during the whole winter after ignition, especially in the northern areas
of China (Liu et al., 2017). Additionally, the EFs of CO2 reported by
previous studies (Streets et al., 2003; Shen et al., 2010; Chen et al., 2016)
for the LCT stoves might be largely overestimated because the estima
tion only considers one flaming combustion process from ignition to
burning out when the CE is usually much higher than that of the smol
dering combustion process, which lasts most of the time for actual coal
5
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Table 2
Emission factor (g/kg) of various pollutants from coal combustion for the NCT stove, the LCT stove and coal-fired power plant.
NCT stove

PM2.5
OC
EC
CO
CH4
VOCs
NH3
COS
NOXc
SO2
N2O
CO2

Coal-fired power plantb

LCT stove
a

This study

This study

Literature

(N = 4)

(N = 4)

reported
data

Reference

reported
data

Reference

0.13 ±
0.05
0.12 ±
0.01
0.007 ±
0.006
7.85 ±
1.92
0.61 ±
0.33
0.36 ±
0.03
0.06 ±
0.05
0.004 ±
0.002
2.31 ±
0.41
1.70 ±
0.28
0.10 ±
0.05
2060 ±
171

14.17 ±
2.56
10.36 ±
2.15
0.75 ± 0.15

0.19–42

0.01–0.25

Wu et al. (2020)

0.04

213.35 ±
41.76
8.38 ± 1.74

70.7–382
0.1–10.3

Zhang et al., (2008); Shen et al., (2010), 2014; Chen et al., (2015), 2016; Li et al.,
(2016)
Streets (2003); Zhang et al., (2008); Zhi et al., (2008); Shen et al., (2010), 2014; Chen
et al., (2015), 2016; Li et al., (2016b); Sun et al., (2018)
Streets et al., (2003); Zhang et al., (2008); Zhi et al., (2008); Shen et al., (2010), 2014;
Chen et al., (2015), 2016; Li et al., (2016); Sun et al., (2018)
Zhang et al., (2000); Streets et al., (2006); Shen et al., (2010); Chen et al., (2016); Sun
et al., (2019)
Zhang et al., (2000); Sun et al., (2019)

0.001–0.11

Bond et al.
(2004)
Streets et al.
(2001)
Zhao et al.
(2012)
EFDB

3.94 ± 1.49

0.17–6.48

Zhang et al., (2000); Tsai et al., (2003); Sun et al., (2019)

0.15

Bo et al. (2008)

0.54 ± 0.08

1.17 ± 0.13

Li et al. (2016c)

0.02–0.07

Roe et al. (2004)

0.61 ± 0.11

0.57-1.43

Du et al. (2016)

0.017

1.31 ± 0.14

0.15–3.84

Zhang et al., (2000); Streets et al., (2003); Tsai et al., (2003); Sun et al., (2019);

0.82–2.45

2.84 ± 1.94

0.15–54.8

Zhang et al., (2000); Streets et al., (2003); Chen et al., (2016); Sun et al., (2019)

0.57–1.74

0.04 ± 0.01

0.04

The Emission Factor Database (EFDB),

0.03–0.10

Campbell et al.
(2015)
Tang et al.
(2019)
Tang et al.
(2019)
EFDB

1169 ± 258

1810–2290

Streets et al., (2003); Shen et al., (2010); Chen et al., (2016)

1841–2528

EFDB

0.05–17
0.01–29

0–0.08
0.1–15.0

a Published emission factors for pollutants from bituminous coal combustion in domestic stoves (SI Table S1). b Obtained from the reported data for coal power plants
with dedusting, desulfurization and denitrification measures (Text S2). c emission factor of NOx was calculated based on equivalent weight of NO2.

stove usage.
Polycyclic aromatic hydrocarbons (PAHs) are important components
of the OC in PM2.5 emitted from coal combustion (Zhang et al., 2008),
and hence, the extremely high emissions of PM2.5 and OC from the LCT
stove have attracted great attention for public health (WHO, 2014;
Mutlu et al., 2016; Shen et al., 2019). In addition to PAHs, the high
emissions of aromatics, especially benzene (accounting for 10% of the
total VOCs) (Tsai et al., 2003; Liu et al., 2017) from the LCT stoves
(Table S2) also have a significant negative impact on health (Lan et al.,
2004). Special attention should be paid to the extremely high CO
emissions from the LCT stove because many people are being lost or
seriously injured in villages due to CO poisoning (Kou and Zhang, 2019).
Additionally, extremely high emissions of various pollutants from the
LCT stoves in vast rural areas with a high density of residents will also
cause serious regional air pollution (Liu et al., 2016; Shen et al., 2019),
such as the winter haze in northern China (Liu et al., 2017). Further
more, the high emissions of long-lived species, such as CH4, COS, and
EC, from the LCT stove will affect global climate change (IPCC, 2014);
for example, COS emissions from domestic coal combustion in China
were estimated to account for at least 12% of the updated overall
anthropogenic COS source budget in our previous study (Du et al.,
2016). Therefore, the remarkable reduction in various pollutants from
the NCT stove indicated that the replacement of the LCT stove by the
NCT stove would be beneficial to human health, improve the regional
atmospheric environment, and protect the global environment.

reduced due to precautions taken against the Coronavirus epidemic
(“It’s a tough and protracted battle (in Chinese)") (MEEPRC, 2020).
To mitigate the serious emissions from coal combustion, replacement
of the existing domestic stoves by recommended “clean stoves” which
are still constructed by the LCT have been implemented in the north of
China (He and Li, 2019); however, but the effect is inconspicuous
(Fig. S5). The replacement of coal with electricity or natural gas has also
been suggested and implemented in the BTH region (Text S4) (He and Li,
2019). However, the sustainability of such replacements is controversial
because some households cannot persistently afford the relatively high
cost of heating (He and Li, 2019). Additionally, a huge amount of in
vestment for increasing electrical capacity or paving pipelines of natural
gas in scattered rural areas greatly increases the burden on central and
local governments (He and Li, 2019).
Taking energy usage, one-time investment, and operating costs into
account, the replacement of existing stoves by NCT stoves is thought to
be more practical than the current control measures implemented in the
BTH. First, the treasure resource of coal will be significantly reduced in
comparison with electricity replacement. Electricity in China is
currently dominated by coal-fired power plants (62.2% in 2019) (CEC,
2020), and the efficiency of actual energy usage from coal-fired power
plants for consumers is approximately 33%, which is much less than half
of the 82.9% for the NCT stove (Text S3). Considering the EFs of various
pollutants between the NCT stove and the advanced coal-fired power
plants, the improvement in regional air quality will be more pronounced
through replacement by the NCT stove than by electricity. Second, the
one-time investment is relatively small. The construction of the NCT
stove is basically the same as the existing stoves and the investment for
the replacement (around 6.9 million households) of the NCT stove in the
BTH region is estimated to be about 14 billion RMB based on 2,000 RMB
per NCT stove. The investment is less than a third of the cost (around 50
billion RMB) of the replacement by electricity for only about 0.9 million
households in Beijing (Text S4). Additionally, the BTH region is rapidly
urbanizing, and most of the younger generations in villages are moving
into cities, and thus the huge one-time investment for the replacement
by electricity or natural gas is improvident. Third, the operating cost of

3.3. Evaluating the application feasibility of the NCT stove
Considering that large amounts of coal are being consumed by
households during the winter heating period in the BTH region, for
example, 40 million tons/yr, 10% of the total coal consumption (Kou,
2017), the serious emissions of pollutants from LCT stoves must
contribute to the deterioration of the regional air quality (Liu et al.,
2017). For example, atmospheric PM2.5 concentration still reached
above 250 μg/m3 in the region during holidays for the Lunar New Year
of 2020 when traffic and some industrial activities were dramatically
6
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the NCT stoves will be much less than that of replacement by electricity
or natural gas. The annual average heating cost of each household is
usually 1,200–2,400 RMB based on the reported coal consumption of
2–4 ton/yr (Liu et al., 2017). The cost of fuel could be reduced to
720–1440 RMB/yr by replacement of NCT stoves, whereas this will be
about 5,150–10,300 RMB or 2,860–5,720 RMB using electricity or
natural gas (Text S4). Finally, the administration cost for electricity or
natural gas over the long term will be saved. Although a number of coal
stoves in the BTH region have been replaced by electricity or natural gas,
people in rural areas are still combusting coal or straw by using existing
stoves with low CE for heating, even under the strict supervision of
several administrators in each village (He and Li, 2019). However, if
NCT stoves were promoted, traditional stoves with low CE would be
naturally phased out because the NCT stoves are more economical and
cleaner than traditional LCT stoves. If the traditional stoves are replaced
completely in the BTH region, the average reductions (Table S3) will be
0.56 million ton for PM2.5, 0.41 million ton for OC, 0.02 million ton for
EC, 8.22 million ton for CO, 0.14 million ton for VOCs, 0.02 million ton
for NH3, 0.31 million ton for CH4 and 0.02 million ton for COS every
year.

4. Conclusion
The NCT developed in this study can overcome the inherent defects
of existing combustion technologies, achieving nearly complete com
bustion of coal, crop straw, wood, and other solid fuels. NCT stoves
could greatly reduce emissions of PM2.5 by 99%, OC by 99%, EC by 98%,
CO by 96%, CH4 by 93%, VOCs by 91%, NH3 by 89%, and COS by 99%
in comparison to the traditional stove for coal combustion. The average
CE was enhanced by approximately 40%, from 52.6% in the traditional
stove to 92.6% in the NCT stove. The replacement of existing domestic
coal stoves by NCT stoves was found to be an economic and practical
method to improve the regional air quality in the BTH region.
If the NCT is adopted worldwide for solid fuel combustion, the
remarkable reductions in various toxic pollutants (such as PM2.5, CO,
and benzene) as well as long-lived species of CH4, EC, and COS would be
beneficial to individual health, development, and the environment,
including the climate.
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3.4. Application of the NCT for industrial boilers
The NCT is not only limited to constructing domestic stoves but can
also be applied to designing larger boilers that can be widely used for
industry (Fig. S6). Preliminary tests (Text S5 and Table S4) indicated
that the EFs of key pollutants from an industrial boiler (rated load of 450
kg/h for coal) designed using the NCT were 2.73–15.24 g/kg for CO,
0.04–0.16 g/kg for CH4, 0.18–0.47 g/kg for VOCs, and 0.002–0.01 g/kg
for NH3, which are comparable to or even less than those from the do
mestic NCT stove (Video S3). The combustion efficiencies were above
99.1%, higher than the 92.6% for the NCT stove, indicating that the NCT
boiler could indeed achieve complete combustion of coal with forcedair. Therefore, if a large number of small and middle boilers were
replaced by NCT boilers, rather than the current replacement of coal
boilers by natural gas boilers in China, regional air pollution could be
improved, and a large amount of energy could be saved. Additionally,
the costs of various products would be greatly reduced because of the
cheaper energy from coal combustion.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.jclepro.2021.128864
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3.5. Application of the NCT for kinds of solid fuels

Appendix A. Supplementary data

The NCT is suitable for solid fuels, including wood, crop residue, and
coal. Three solid fuels, i.e., Populus wood, maize straw, and other raw
coal (Table S5), were also combusted in the NCT stove. The measured
CO concentrations of solid fuels (Fig. S7) were all lower than 12 ppmv
and even lower than the limit of detection of the instrument, much less
than the average concentration of 142 ppmv from coal combustion in
the LCT stove. In addition, the residual oxygen concentrations in the flue
gas were 4.0–8.0% (Fig. S7), indicating that these solid fuels were nearly
completely combusted under enriched air supply in the NCT stove. The
mixed solid fuels can also be burnt very well, as shown in Video S2.
Because the composition proportions of solid fuels differ (Table S5),
such as wood and straw having higher volatile matter than coal, their
pyrolysis and combustion rates also differ. The air supply flow, fuel size
and fuel feeding rate might be slightly changed to ensure complete
combustion based on the characteristics of the solid fuels and type of
NCT. Different types of NCT stoves for different solid fuels have been
constructed with different specification parameters of chambers and air
injection and are presented in Fig. S8. Although the novel stoves could
dramatically reduce gaseous and particulate emissions from solid fuels
combution, the traditional stoves in use might be hardly replaced
worldwide as soon as possible because of several factors such as resident
concept, government policies, intratype competition and others.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jclepro.2021.128864.
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