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ABSTRACT
Beijing, the capital of China, revised the emission standard for air pollutants for boilers in 2015. To promote fulfillment
of the new standard, the “coal to gas project” and the “reward replaces subsidy policy for low-NOx retrofits of boilers”
were implemented recently, and the emission of pollutants from boilers has significantly changed as a result. In this study,
a comprehensive unit-based emission inventory of multiple air pollutants, including PM10, PM2.5, CO, SO2, NOx, VOCs
and NH3, from both coal-fired and gas-fired industrial boilers in Beijing in 2015 was established with data on annual
activity and category-specific emission factors, and scenario analysis and the CMAQ model were used to forecast the
environmental impacts of the revised standard during the heating season in Beijing. Our results showed that in 2015, the
emissions of CO, NOx, PM2.5, PM10, SO2, NH3 and VOCs from the industrial boilers in Beijing were about 51,745 t,
27,943 t, 10,143 t, 14,624 t, 20,227 t, 197.55 t and 1304 t, respectively. Coal-fired boilers were the major source of CO,
SO2, PM2.5 and PM10, while gas-fired boilers were the major source of VOCs and NH3. Furthermore, in IPC-1 and IPC-2
scenarios, which represent the different levels of implementation of the “low-NOx retrofits policy” as well as the
replacement of all coal-fired boilers with gas-fired boilers, the ambient concentration of PM2.5 and SO2 was reduced by
about 7.1% and 9.5%, respectively, and the concentration of NO2 was reduced by about 4.4% in IPC-1 and 3.7% in IPC-2
during the heating season in Beijing.
Keywords: Gas-fired boiler; Coal-fired boiler; Environmental impacts; CMAQ-DDM; Beijing.

INTRODUCTION
With the revision of the Air Pollution Prevention and
Control Law and the proposal of the philosophy that “lucid
waters and lush mountains are invaluable assets,”
environmental issues have been given unprecedented
attention in China. Beijing, the capital of China, undergone
the explosive development of population and economy,
resulting in considerable energy consumption and pollution
emissions. In recent years, Beijing has taken numerous
measures to improve its air quality, and the clean energy
replacement is one of the most important methods. In 2015,
the total amount of coal consumption in Beijing reduced
about 58%, while the natural gas consumption increased
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more than two times compared with that in 2008 (NBSC,
2016). The reduction of coal consumption was primarily
attributed to coal-fired power plants and coal-fired industrial
boilers. Nowadays, more than 78% of natural gas were used
in heating and power generation, and gas-fired industrial
boilers have accounted for more than 85% of the total
industrial boilers in Beijing (Xue et al., 2017).
Though natural gas is regarded as “clean energy source”
and is strongly promoted to replace coal combustion, the
combustion of natural gas can produce NOx through
thermal-NOx, fuel-NOx and prompt-NOx. Natural gas
combustion is the predominant source of NOx pollutants,
which contributed approximately 13% to the annual NOx
emissions and 23.4% to the NOx emissions in the heating
season of Beijing in 2015 (Xue et al., 2017). According to
the PM2.5 source apportionment analysis in Beijing which
published by Beijing Municipal Environmental Protection
Bureau (BMEPB, 2014), nitrate was the main component of
PM2.5, which accounts for 17%. NOx, acting as a precursor
of nitrate compound in PM2.5 and tropospheric ozone (Wu
et al., 2010; Li et al., 2015; Feng et al., 2016), threatens
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human health, causes environmental deterioration, and has
become the priority air pollutant to be controlled in Beijing
(Yan et al., 2017). With further implementation of the “coal
to gas project” in Beijing, the consumption of natural gas as
well as the emission of NOx will increase in a large amount.
According to the revised emission standard of air pollutants
for boilers in Beijing, since April 1, 2017, the required NOx,
SO2 and PM concentrations of new-founded boilers are ≤
30 mg m–3, ≤ 10 mg m–3 and ≤ 5 mg m–3, respectively; and
those of in-use boilers are ≤ 80 mg m–3, ≤ 10 mg m–3 and ≤
5 mg m–3, respectively (BMEPB, 2015). To reduce the
emission from industrial boilers more effectively and promote
the implementation of the standard, Beijing issued the
“reward replaces subsidy policy for low-NOx retrofits of
boilers” to encourage the retrofits of industrial boilers and
demanded the concentration of CO ≤ 95 mg m–3 (BMEPB,
2016a). Flue gas recirculation (FGR), low-NOx burners
and post-combustion technologies (Ma et al., 2016; Chen
et al., 2017) were wildly used to reduce the NOx emission
level of gas-fired facilities. Therefore, the emission level of
gas-fired boilers in Beijing changes dramatically, and coalfired boilers will be replaced in the foreseeable future.
Several studies have been conducted to estimate the
regional level for the emission of SO2, NOx, VOCs and
NH3 from industrial boilers using the general statistical
data in Beijing (Zhao et al., 2012; Zhou et al., 2014; Wang
et al., 2015; Zhou et al., 2015). Due to lack of detailed
source-specific information, the results were in high
uncertainty in the emission inventories. With the continuous
improvement of pollution source information, present studies
focused on the emission characteristics, temporal trends
and spatial variation characteristics of pollutants emissions
from gas-fired and coal-fired industrial boilers, based on
the detailed unit-based database of industrial boilers in
Beijing (Wang et al., 2016; Xue et al., 2016, 2017; Yan et
al., 2017). Yan et al. (2017) established category-specific
emission factors (EFs) of gaseous pollutants for gas-fired
boilers from filed measurements based on 128 gas-fired
boilers, and estimated the emission of NOx, SO2 and CO
from gas-fired boilers in Beijing in 2014. Wang et al.
(2016) presented the status of NOx emission from district
central heating gas boilers in Beijing by measuring 85 gasfired boilers. Xue et al. (2016, 2017) developed a unitbased historical emission inventory based on the database
of 2572 gas-fired industrial boilers and 2599 coal-fired
industrial enterprises, and projected the future emission
until 2030. However, previous studies have not focused on
the changes of emission and the environmental effects after
the implementation of the revised emission standard of
industrial boilers.
The purpose of this study was to simulate the
environmental improvement of the revised emission
standard of air pollutants for boilers as well as the “reward
replaces subsidy policy for low-NOx retrofits of boilers” in
Beijing. We developed a unit-based emission inventory for
industrial boilers of 2015, based on the emission factors
from the field measurements of 1974 coal-fired industrial
boilers and 12,266 gas-fired industrial boilers in Beijing.
Furthermore, as industrial boilers were mainly used for

heating in Beijing, we chose the heating season as the
research period, which were the most active period for
industrial boilers. In addition, we projected future emissions
from gas-fired boilers and evaluated the environmental
benefits of revised emission standard of air pollutants for
boilers in Beijing by scenario analysis.
METHODS
Emission Inventory for Industrial Boilers
Annual emissions from gas-fired and coal-fired industrial
boilers in Beijing were calculated using the EF method for
the base year of 2015. Energy (natural gas and coal)
consumption data were obtained from the China Statistical
Yearbook on Environment (NBSPRC, 2016), Beijing
Statistical Yearbook (BMBS, 2016) and related references
(Xue et al., 2016, 2017). A database containing detailed
information of 1974 coal-fired industrial boilers and
12,266 gas-fired industrial boilers was established at the
unit level in this study, including the latitude and longitude
of each boiler, boiler type, operating load, combustion
mode, installed capacity and annual fuel consumption for
each unit. Meanwhile, to clarify the spatial distribution of
the emissions of various gaseous pollutants, the emission
inventory was spatially allocated into 3 km × 3 km grid
cells based on the boiler unit locations.
(1) Coal-fired Boilers
Based on the field measurements and investigation, the
control technologies applied to each boiler were determined.
The emission of gaseous air pollutants from each boiler
was calculated seriatim using coal consumption and the
best available EFs (BJMEMC, 2005; SEPA, 2008). The
emission inventory of coal-fired boilers includes four types
of gaseous air pollutants (SO2, NOx, CO and VOCS) and
two size-segregated particulate matters (PM10/PM2.5). The
algorithm for a unit-based bottom-up emission inventory
from coal-fired industrial boilers can be expressed using
the following equations:
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where i, j, k, l, m, y represent the boiler unit, boiler type,
installed capacity, starting year, applied emission control
technologies and PM size fraction, respectively; EF
represents the EFs of pollutants, g kg–1; M represents the
amount of annual coal consumption, kg; Sar represents the
average sulfur content of the feed coal, %; and η is the
assumed average removal efficiency of control technologies
for pollutants, %.
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The EFs used in this study for coal-fired industrial
boilers are listed below (see Table 1). The emission levels
of SO2 and PM are closely related to the sulfur content, ash
content of the feed coal and the applicable control
technologies. The EFs were recommended by the SEPA
(State Environmental Protection Administration of China)
based on the applicable control technologies and represent
realistic emission levels for coal-fired industrial boilers.
The PM control technologies were classified by electrostatic
precipitators (ESPs), fabric filters (FFs), cyclones and wet
scrubbers, the removal efficiencies of which are
approximately > 97%, > 99%, > 87% and > 69%, respectively
(SEPA, 2008). The removal efficiencies of boilers equipped
with wet flue gas desulfurization (FGD) were about 80%
in Beijing (Xue et al., 2016). Moreover, the average ash
content and sulfur content of the feed coal in Beijing are
about 11.78% and 0.48%, respectively; the average ratios
of PM10/PM and PM2.5/PM of coal-fired boilers were 0.81
and 0.56, respectively, based on the local field measurements
(BJMEMC, 2005; Xue et al., 2016). The emission levels of
NOx and CO were significantly influenced by combustion
operation conditions, (Tian et al., 2013; Hu et al., 2013),
and the EFs of NOx and CO were calculated according to
the field measurements (BJMEMC, 2005; Xue et al., 2016).
For the lack of existing research and local EFs, the EFs of
VOCs reported by Zheng et al. (2009) and the EF of NH3
reported by U.S. EPA were used in this study.
(2) Gas-fired Boilers
Gas-fired boilers have various combustion modes with
different emission characteristics, including atmospheric
combustion (AC) and chamber combustion (CC), where
CC was subdivided into direct-combustion machine (CCM),
horizontal internal-combustion (HIC) and others. With the
promotion of “low-NOx retrofits,” FGR, low-NOx burners
and post-combustion technologies were wildly used to
reduce the NOx emission level of gas-fired facilities.
Combination of different technologies can reach different

requirements for NOx emission of gas-fired boilers. In
general, when retrofitted with low-NOx burner + FGR, gasfired boilers can reach the requirement of NOx ≤ 30 mg m–3.
Comparatively, if the gas-fired boilers only retrofitted with
low-NOx burner, the requirement can be reached would be
NOx ≤ 80 mg m–3. Besides, the emission of CO is reduced
by optimizing the air-fuel ratio in the process of retrofits,
to meet the requirement of CO ≤ 95 mg m–3 in the “reward
replaces subsidy policy for low-NOx retrofits of boilers.”
The method for the bottom-up emission inventory of
gas-fired boilers can be expressed using the following
basic formula:
Ei = ∑jEFi,j × Aj × 106

References
EFs (g kg–1)
1.02A/0.70A
(BJMEMC, 2005; SEPA, 2008)
0.41A/0.28A
0.31A/0.21A
0.13A/0.09A
0.19A/0.13A
0.03A/0.02A
0.008A/0.006A
SO2
16S
(SEPA, 2008)
13.6S
4.8S
NOx
2.37
(BJMEMC, 2005)
2.76
CO
7.71
8.62
VOCs
0.18
(Zheng et al., 2009)
NH3
2.6 × 10–4
(U.S. EPA, 2012)
A is the ash content of the combusted coal (%), and S is the sulfur content of the combusted coal (%).
Technology type/Type
None
Single-tube cyclone dust collectors
Multi-tube cyclone dust collectors
Wet scrubbers
ESPs (tubular type)
ESPs (horizontal type)
FFs
None
Wet scrubbers
Wet FGD
> 20 t/h
≤ 20 t/h
> 20 t/h
≤ 20 t/h

(4)

where i represents the pollutants type, namely NOx, CO,
NH3 and VOCs; j represents the combustion mode; EFi,j is
the comprehensive EF of pollutant i, g m–3; Aj is the natural
gas consumption m3; and Ei is the emission of specific
pollutant, t.
Due to the application of low-NOx combustion techniques
and the optimization of air-fuel ratio during low-NOx
retrofits, the EFs of NOx and CO varied obviously. In this
study, the EFs of NOx and CO were obtained by the field
measurements of 1107 gas-fired industrial boilers, including
281 AC boilers and 581 CC boilers without any low-NOx
combustion technique, and 245 gas-fired industrial boilers
with low-NOx combustion techniques in Beijing (See
Table 2). Because AC boilers should be substituted with
CC boilers for higher emission and lower gross installed
capacity (Yan et al., 2017), the lower NOx combustion was
classified into two categories instead of combustion modes
in Table 2. The EFs of NH3 and VOCs were also given by
the field measurements of 20 gas-fired boilers. The average
EFs of NH3 and VOCs were 0.032 and 0.038 g m–3,
respectively. The emissions of PM2.5, PM10 and SO2 from
gas-fired boilers were ignored in this study as their emission
concentration was below the detectable limits.

Table 1. The EFs of gaseous air pollutants for coal-fired boilers.
Pollutants
PM10/PM2.5
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Table 2. EFs of various pollutants from gas-fired industrial boilers in Beijing.
Category

Combustion mode

Without low NOx
combustion technique

Atmospheric combustion (AC)
Chamber
Direct-combustion
combustion
machine (CCM)
(CC)
Horizontal internal
combustion (HIC)
Other modes (OM)
With low NOx combustion goal < 30 mg m–3
With low NOx combustion goal < 80 mg m–3

Scenario Analysis
To simulate the environmental improvement of the
implementation of the revised emission standard of air
pollutants for boilers and the “reward replaces subsidy
policy for low-NOx retrofits of boilers” in Beijing, three
scenarios were projected to simulate the future pollution
trends, including one basic scenario (BASE) and two
improved pollution control scenarios (IPC-1 and IPC-2).
The emissions of various gaseous pollutants for boilers
were related to energy structure, economic development
and policies. The two important policies mentioned above
affected the pollution trends by implementing strict
pollutants discharge standards, adjusting gas consumption,
encouraging pollution control measures and replacing all
coal-fired industrial boilers. The BASE scenario demonstrated
the real emission level of the industrial boilers in the base
year of 2015 in Beijing, which can provide a benchmark
for the projection. In 2015, 1974 coal-fired industrial
boilers and 12,266 gas-fired industrial boilers were not
retrofitted and could meet the previous emission standard
of air pollutants for boilers (DB11/139 2007). In the IPC-1
scenario, we assumed that all the coal-fired industrial
boilers were replaced by gas-fired industrial boilers, and
all new-found industrial boilers could meet the revised
emission standard of air pollutants for new-founded boilers
(NOx ≤ 30 mg m–3, SO2 ≤ 10 mg m–3, PM ≤ 2 mg m–3).
Additionally, all the in-use gas-fired industrial boilers were
retrofitted and could meet the revised emission standard of
air pollutants for new-founded boilers (NOx ≤ 30 mg m–3,
SO2 ≤ 10 mg m–3, PM ≤ 2 mg m–3). In the IPC-2 scenario,
we assumed that all the coal-fired industrial boilers were
replaced by gas-fired industrial boilers and could meet the
revised emission standard of air pollutants for newfounded boilers (NOx ≤ 30 mg m–3, SO2 ≤ 10 mg m–3, PM
≤ 2 mg m–3). Meanwhile, all the in-use gas-fired industrial
boilers were retrofitted and could meet the revised
emission standard of air pollutants for in-use boilers (NOx
≤ 80 mg m–3, SO2 ≤ 10 mg m–3, PM ≤ 2 mg m–3).
Model Configurations and Evaluations
(1) Study Region
Three nested domains were studied for simulation. As
shown in Fig. 1, Domain 1 covered the area of China with
a resolution of 27 km × 27 km, providing initial and
boundary conditions for the inner grid Domain 2 and
Domain 3. Domain 2 covered the Beijing-Hebei-Tianjin

NOx
3.70
1.70

Emission factors (g m–3)
CO
NH3
0.64
0.032
0.53

1.72

0.53

1.60
0.31
0.71

0.83
0.13
0.18

VOC
0.038

region with a resolution of 9 km × 9 km and Domain 3
covered the area of Beijing with a resolution of 3 km ×
3 km. The simulation period was January 2015 while the
boilers in Beijing were mainly used for heating.
(2) Model Configurations
CMAQ (Community Multiscale Air Quality Modeling
System), developed by U.S. EPA, contains atmospheric
science and air quality modeling with multi-processor
computing techniques to simultaneously simulate various
air pollutants including O3, PM, SO2, NOx and other variety
of air toxics. CMAQ is widely used in determining the best
air quality management scenarios and providing detailed
information about ambient concentration of pollutants in
any given area for any specified emission or climate
scenario. CMAQv5.0.2 was used in this study, using the
AERO6 aerosol module and the updated Carbon Bond
chemical mechanism (CB05) gas-phase chemical mechanism
(Yarwood et al., 2005). WRF version 3.6 provided a
weather field for CMAQ, with the WRF Single Moment 3class (WSM3) microphysics scheme (Evans et al., 2012),
the Mellor-Yamada-Janjić (MYJ) PBL scheme (Evans et
al., 2012), the CAM and Goddard scheme for both longwave
and shortwave radiation (Chou et al., 1998), the Grell-3D
cumulus convection scheme (Grell and Devenyi, 2002),
and the Noah Land Surface Model (Chen and Dudhia, 2001;
Ek et al., 2003).
Decoupled Direct Method (DDM) is a sensitivity analysis
method for computing sensitivity coefficients (Cohan et
al., 2002) and have been released as CMAQ-DDM in
CMAQ. CMAQ-DDM has been widely used for sensitivity
analysis of source apportionment analysis (Napelenok et
al., 2006; Itahashi et al., 2012; Zhang et al., 2012; Wang et
al., 2013; Boone et al., 2015). In this study, CMAQ-DDM
was used to analyze the source contribution of coal-fired
and gas-fired boilers in Beijing. CMAQ-DDM was used to
estimate the contribution of coal-fired and gas-fired industrial
boilers to PM2.5, SO2 and NOx emissions. The updating
boiler source emission in MEIC (Multi-resolution Emission
Inventory for China, http://www.meicmodel.org) developed
by Tsinghua University, was used as the background
inventory.
(3) Model Evaluation
To evaluate the model performance, chemical species
evaluation was performed in terms of the overall statistics
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Fig. 1. Domains of the CMAQ model.
of normalized mean bias (NMB) and normalized mean error
(NME), following the guidance by the U.S. Environmental
Protection Agency (U.S. EPA, 2007). In general, |NMB|
≤ 50% and NME ≤ 50% are regard as good model
performance (Chemel et al., 2010).
N

NMB 

 p

i

 oi 

1

N

 oi

100%

(5)

1.5 t, respectively, for CO, NOx, PM2.5, PM10, SO2, VOCs
and NH3. The emissions of CO, NOx, PM2.5, PM10 and SO2
dropped by almost half compared with 2013 (Xue et al.,
2016), which was mainly caused by the implementation of
the “coal to gas project” in Beijing.
The emissions of CO, NOx, VOCs and NH3 for gas-fired
industrial boilers were 3273 t, 10,490 t, 235 t and 196 t,
respectively. The emission of NOx in this study was lower
than Yan et al. (2017), as the EF of NOx based on the field
measurements was lower.

1

1
N
 1 oi
N

NME 

| qi  oi |

100%

(6)

where i presents different pollutants; N presents the sample
number; pi presents the simulated concentration of pollutant
i; oi presents the observed concentration of pollutant i.
RESULTS AND DISCUSSION
Emission Inventory for Gas-fired and Coal-fired Boilers
(1) Gaseous Pollutants Emissions
The emissions of various gaseous pollutants (NOx, CO,
PM2.5, PM10, SO2, NH3 and VOCs) for coal-fired and gasfired industrial boilers in Beijing based on the EFs method
were calculated and presented in Table 3. The emissions of
NOx, CO, PM2.5, PM10, SO2, NH3 and VOCs for coal-fired
and gas-fired industrial boilers in Beijing were 27,943 t,
51,745 t, 14,624 t, 10,143 t, 20,227 t, 197.55 t and 1304 t
in 2015, respectively. Moreover, the emissions of SO2 and
NOx for coal-fired and gas-fired industrial boilers in
Beijing contributed 28% and 20% of the gross emissions
of SO2 and NOx, respectively in 2015 (BMEPB, 2016b).
For coal-fired industrial boilers, the emissions were
48,472 t, 17,453 t, 10,143 t, 14,624 t, 20,227 t, 1069 t and

(2) Spatial Distribution
The gas-fired industrial boilers are concentrated in urban
areas of Beijing, while the coal-fired industrial boilers were
scattered in the suburbs due to the strict environmental
protection requirements and the implementation of the
“coal to gas project” in urban areas, as shown in Fig. 2.
The NOx, CO, PM2.5, PM10, SO2, NH3 and VOCs
emissions for industrial boilers including gas-fired
industrial boilers and coal-fired industrial boilers in 16
prefecture districts in Beijing was calculated in Table 4,
and the gridded geographical distribution at 3 km × 3 km
resolution was presented in Fig. 3. The spatial distribution
of various gaseous pollutants for industrial boilers was
closely related to population density, economic activity
and energy demand of different districts. The 10 rural
districts (including Changping, Daxing, Fangshan, Huairou,
Mentougou, Miyun, Pinggu, Shunyi, Tongzhou and Yanqing
Districts) of Beijing contributed 83.59%, 88.24%, 88.23%
and 88.89%, respectively, to the emissions of CO, PM2.5,
PM10 and SO2, due to the relative large number of coalfired industrial boilers. There were no PM2.5, PM10 and
SO2 emissions in Dongcheng and Xicheng Districts because
of the policy banning coal combustion. All the coal-fired
industrial boilers in these two districts were required to
shut down or to substitute coal for clean energy, such as
natural gas or electricity.

Yue et al., Aerosol and Air Quality Research, 18: 2853–2864, 2018

2858

Table 3. The emissions of various gaseous pollutants for coal-fired and gas-fired industrial boilers in Beijing, 2015.
Categories
Coal-fired industrial boilers
Gas-fired industrial boilers
Total emissions

CO
48472
3273
51745

(a) coal-fired boiler

NOx
17453
10490
27943

PM2.5
10143
10143

Emissions (t)
PM10
14624
14624

SO2
20227
20227

(b) gas-fired boiler

NH3
1.5
196
197.55

VOCs
1069
235
1304

(c) urban areas in Beijing

Fig. 2. Location of the (a) coal-fired boilers, (b) gas-fired boilers, and (c) urban areas in Beijing, 2015.
Table 4. The emissions of various gaseous pollutants for coal-fired and gas-fired industrial boilers in each district of
Beijing, 2015.
Prefecture Districts
Dongcheng
Xicheng
Haidian
Chaoyang
Fengtai
Shijingshan
Changping
Daxing
Fangshan
Huairou
Mentougou
Miyun
Pinggu
Shunyi
Tongzhou
Yanqing
Total

CO
194
153
2795
2932
2289
131
7672
6616
5736
3435
1329
2757
3266
4788
5971
1682
51746

NOx
641
499
3338
3280
1630
151
3255
3294
2427
1340
485
1098
1220
1937
2734
614
27943

PM2.5
327
476
370
20
1724
1373
1324
681
195
723
615
862
1045
407
10142

The NOx emission of urban areas (Dongcheng, Xicheng,
Haidian, Chaoyang, Fengtai and Shijingshan Districts)
accounted for 34.14%, which was less than that of rural
areas (65.86%). Among them, Haidian and Chaoyang
Districts contributed to the highest (11.95%) and the second
highest (11.74%) percentage of NOx emission, respectively,
as large number of gas-fired boilers were located in these
two districts. Haidian and Chaoyang Districts, two largest
districts in the urban areas of Beijing, are densely

Emissions (t)
PM10
472
686
534
29
2485
1980
1909
982
282
1042
887
1243
1507
587
14625

SO2
757
799
636
56
3489
2361
2523
1242
523
1650
1484
1482
2324
903
20229

NH3
11.60
9.10
48.76
46.57
17.37
2.20
10.74
20.00
7.98
2.31
0.14
2.49
1.10
4.65
12.68
0.26
198

VOCs
13.90
10.90
102.30
103.80
64.70
4.70
177.50
162.70
133.40
77.70
29.20
62.80
73.20
109.30
142.00
37.20
1305

populated and have enhanced economic activities in recent
years, which causes the high demand for energy supplies.
In 2015, the number of gas-fired boilers accounted for
more than 85% in Beijing, while the coal-fired boilers
were less than 12% because of the transformation of coal
combustion to improve air quality. Although the proportion
of coal-fired boilers was relatively low, the gaseous pollutants
emission level of coal-fired boilers was much higher due to
the lack of control measures and the higher capacity.
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Fig. 3. Spatial distribution of the emissions of various gaseous pollutants from gas-fired and coal-fired boilers in Beijing,
2015.
Moreover, the coal-fired boilers were mainly located in
rural areas, which caused the higher NOx emission of rural
areas compared with urban areas.
The NH3 emission of urban areas (Dongcheng, Xicheng,
Haidian, Chaoyang, Fengtai and Shijingshan Districts)
accounted for 68.50%, where Haidian and Chaoyang Districts
contributed to the highest (24.63%) and the second highest
(23.53%) percentage of NOx emission, respectively, due to
the large number of gas-fired boilers. The VOCs emission

of rural areas accounted for 76.99% as the EFs of VOCs
for coal-fired boilers are higher than gas-fired boilers.
(4) Source Apportionment Analysis
To clarify the contribution of coal-fired and gas-fired
boilers to air quality, CMAQ-DDM was used to analyze the
source apportionment of NO2, PM2.5 and SO2 concentration
in Beijing in January 2015. As shown in Fig. 4 and Table 5,
coal-fired boilers were mainly distributed in the suburbs,
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Fig. 4. Source apportionment analysis for gas-fired and coal-fired boilers in Beijing, January 2015.
Table 5. The PM2.5, SO2 and NO2 contribution of gas-fired
and coal-fired boilers in urban and rural areas of Beijing,
January 2015.
Region
Urban
Rural

PM2.5
6.4
7.4

Contribution (%)
SO2
NO2
7.3
4.5
11.7
4.2

leading to the higher contribution of rural areas to the
PM2.5 and SO2 concentration than that of urban areas in
Beijing. NOx was the predominant pollutants from both
gas-fired and coal-fired boilers, which caused an obvious
increase of NO2 concentration in Daxing District, Tongzhou
District and urban areas due to the weather conditions and
boilers distribution.
Prediction Analysis
(1) Evaluations of Model Performance
The data from air quality monitoring stations (Ao Ti,
Nong Zhan Guan, Tian Tan, Gu Cheng, Wan Liu and Wan
Shou Xi Gong) located in Beijing were used to estimate
the model performance by calculating the NMB and NME
of NO2, PM2.5 and SO2 in this study.
The performance statistics of daily chemical species
concentrations over Domain 3 at 3 km × 3 km grid
resolution was presented in Table 6. As shown in Table 6,
the NMB of NO2, PM2.5 and SO2 were 2%–40%, –40% to
–30%, and 47%–201%, respectively, and the NME of NO2,
PM2.5 and SO2 were 38%–57%, 56%–61%, and 86%–
202%, respectively.

The simulated NO2 concentration kept good consistency
with the observed NO2 concentration, with the |NMB| ≤
50% and the average value of |NME| ≤ 50%. However, the
|NMB| of PM2.5 ≤ 50% but the |NME| of PM2.5 > 50%,
which may due to the MEIC in 27 km × 27 km resolution
was used as the background inventory. The lack of high
resolution local inventory led to the spatial distribution
error of PM2.5 source. The average |NMB| and |NMB| of
SO2 were both higher than 50%, which may be caused by
the over-evaluation of the SO2 emission, and the EF of SO2
needed to be modified with the implementation of the
clean energy in China. Besides, the biases in meteorological
predictions and the uncertainties in emission estimations
originated from EFs and activity levels can also bring
about errors.
(2) Pollution Reduction Evaluations of Gas-fired and
Coal-fired Boilers
To identify the pollutants reduction of industrial boilers
in IPC-1 and IPC-2 scenarios, the reduction and reduction
rates of pollutants emissions have been estimated and
shown in Table 7 and Table 8. As we assumed that all the
coal-fired industrial boilers were replaced by gas-fired
industrial boilers in both IPC-1 and IPC-2 scenarios, the
emissions of PM and SO2 both reduced by 100%. In IPC-1
scenario, the reduction rates of NOx and CO were 89% and
98%, respectively, while the reduction rates of NOx and
CO in IPC-2 scenario were 81% and 97%, respectively. In
IPC-1 scenario, we assumed that the required concentration
of NOx was below 30 mg m–3 after all the in-use gas-fired
industrial boilers were retrofitted, while in IPC-2 scenario, the

Table 6. The NMB and NME of NO2, PM2.5 and SO2.
Pollutants
NO2

Parameter
AT
NZ
TT
GC
WL
WS
NMB
24%
15%
40%
2%
7%
25%
NME
57%
47%
55%
55%
38%
43%
NMB
–30%
–40%
–35%
–36%
–39%
–37%
PM2.5
NME
58%
59%
57%
61%
59%
56%
SO2
NMB
88%
60%
201%
47%
77%
120%
NME
108%
86%
202%
92%
101%
127%
AT = Ao Ti; NZ = Nong Zhan Guan; TT = Tian Tan; GC = Gu Cheng; WL = Wan Liu; WS = Wan Shou Xi Gong.
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Table 7. The reduction rates of pollutants emissions in IPC-1 and IPC-2 scenarios (unit, %).
Scenarios
IPC-1
IPC-2

SO2
100
100

PM2.5
100
100

PM10
100
100

Reduction rates (%)
NOx
CO
89
98
81
97

VOCs
72
72

NH3
–55
–55

Table 8. The reduction of pollutants emissions in IPC-1 and IPC-2 scenarios (unit, t).
Scenarios
IPC-1
IPC-2

SO2
20229
20229

PM2.5
10142
10142

PM10
14625
14625

required concentration of NOx was only below 80 mg m–3
after that. Thus, the reduction rate of NOx in IPC-1 scenario
was higher than IPC-2. The reduction rates of VOCs and
NH3 in IPC-1 and IPC-2 scenarios were the same, with
72% for VOCs and –55% for NH3. As VOCs and NH3
were not the predominant gaseous pollutants for gas-fired
boilers, and studies about the EFs of VOCs and NH3 for
gas-fired boilers were limited, the EFs of VOCs and NH3
for all the types of gas-fired boilers were assumed to be the
same in this study. The EF of NH3 for gas-fired boilers was
100 times of that for coal-fired boilers, so there was more
NH3 emission in IPC-1 and IPC-2 scenarios, because all
the coal-fired boilers were completely replaced by gas-fired
boilers. The emissions of PM2.5, PM10 and SO2 reduced by
10,143 t, 14,624 t and 20,227 t, respectively, both in IPC-1
and IPC-2 scenarios. In IPC-1 scenario, the emissions of
NOx, CO, VOCs and NH3 reduced by 25,008 t, 50,500 t,
936 t and –109 t, respectively, and the emissions of NOx,
CO, VOCs and NH3 reduced by 22,515 t, 50,184 t, 936 t
and –109 t respectively in IPC-2 scenario.
(3) Evaluations of the Environmental Benefits for Gasfired and Coal-fired Boilers
The revised emission standard of air pollutants for boilers
and the “reward replaces subsidy policy for low-NOx
retrofits of boilers” promoted the gaseous pollutants
reduction of boilers in Beijing through applying a stricter
pollutants emission standard and encouraging the utilization
of advanced control measurements. In IPC-1 and IPC-2
scenario, we assumed that all the coal-fired boilers would be
completely replaced by gas-fired boilers in Beijing, and the
NOx concentration for in-use gas-fired boilers were required
to be below 30 mg m–3 and 80 mg m–3, respectively, after
the low-NOx retrofits. To clarify the environmental benefits
for gas-fired and coal fired boilers, we simulated the
concentration of three air quality monitoring indexes (PM2.5,
SO2 and NO2) in 12 monitoring stations in Beijing.
The reduction of ambient concentration of pollutants in
different air quality monitoring stations were presented in
Table 9. As shown in Table 9, the concentration of PM2.5,
SO2 and NO2 decreased obviously in the 12 monitoring
stations both in IPC-1 and IPC-2 scenarios. In the IPC-1
and IPC-2 scenario, the environmental benefits for gasfired and coal-fired boilers on PM2.5 and SO2 were the same,
as PM2.5 and SO2 were the predominant gaseous pollutants

Emission reduction (t)
NOx
CO
24869
50711
22634
50194

VOCs
940
940

NH3
–109
–109

from coal-fired boilers, and all the coal-fired boilers were
assumed to be replaced completely by gas-fired boilers in
both IPC-1 and IPC-2 scenarios. The concentration of PM2.5
and SO2 decreased by an average of 7.1% and 9.5%,
respectively. The concentration of NO2 decreased by an
average of 4.47% in IPC-1 scenario and 3.75% in IPC-2
scenario, respectively. The NO2 concentration in IPC-1
scenario decreased more than that in IPC-2 scenario as the
NOx concentration of all the in-use gas-fired boilers in
IPC-1 scenario were assumed below 30 mg m–3 after lowNOx retrofits, which was lower than the assumed
concentration of 80 mg m–3 in IPC-2 scenario.
As for the spatial distribution, the decrease of the
ambient concentration of PM2.5 and SO2 mainly happened
in rural areas due to the relative large number of coal-fired
boilers reduction as shown in Fig. 5. In IPC-1 scenario, the
NOx concentration of all in-use gas-fired boilers were
assumed to be below 30 mg m–3 after low-NOx retrofits
instead of below 80 mg m–3 in IPC-2 scenario. Therefore,
the decrease of NO2 concentration in IPC-1 scenario was
more than in IPC-2 scenario as shown in Fig. 5.
CONCLUSION
In this study, we established a comprehensive emission
inventory of coal-fired and gas-fired boilers in Beijing and
forecasted the environmental benefits of the revised
emission standard for air pollutants generated by boilers
using scenario analysis.
In 2015, the emissions of CO, NOx, PM2.5, PM10, SO2,
NH3 and VOCs were 51,745 t, 27,943 t, 10,143 t, 14,624 t,
20,227 t, 197.55 t and 1304 t, respectively. Coal-fired
boilers were the major source of CO, SO2, PM2.5 and PM10,
while gas-fired boilers were the major source of VOCs and
NH3. Both gas-fired and coal-fired boilers were major
sources of NOx. Therefore, the distribution of SO2, CO,
PM2.5 and PM10, which were mainly in the rural areas, and
NOx, NH3 and VOCs, which were concentrated in the
urban areas, strongly correlated with the distribution of
coal-fired and gas-fired boilers in Beijing. With the
implementation of the “coal to gas project” and the “reward
replaces subsidy policy for low-NOx retrofits of boilers,”
coal-fired boilers will be replaced by gas-fired boilers,
which may reduce the ambient concentration of PM2.5 and
SO2 by 7.1% and 9.5%, respectively, in Beijing. The ambient
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PM2.5

SO2

NO2 (IPC-1)

NO2 (IPC-1)

Fig. 5. The decrease of the reduction rates of ambient concentration of pollutants in IPC-1 and IPC-2 scenarios.
Table 9. The reduction of the ambient concentration of pollutants in different air quality monitoring stations
Reductions (%)
NO2
IPC-1
IPC-2
WSXG
6.21%
6.38%
3.83%
2.96%
TT
6.45%
6.96%
4.05%
3.14%
GY
6.26%
6.39%
4.97%
3.83%
DS
6.60%
7.86%
4.63%
3.63%
WL
6.01%
6.56%
3.58%
2.91%
NZG
6.52%
8.23%
5.35%
4.27%
AOTI
8.49%
10.85%
5.05%
4.08%
GC
8.13%
11.76%
4.77%
4.20%
CP
6.83%
10.84%
3.94%
3.63%
SY
6.43%
10.41%
3.96%
3.55%
DL
6.59%
10.86%
4.12%
3.79%
HR
10.12%
16.85%
5.39%
4.97%
Average
7.1%
9.5%
4.47%
3.75%
AT = Ao Ti; NZ = Nong Zhan Guan; DS = Dong Si; TT = Tian Tan; WL = Wan Liu; WS = Wan Shou Xi Gong.
Stations

PM2.5

SO2

concentration of NO2 may be reduced by 3.75–4.47%, with
the amount depending on the specific emission limit
implemented for NOx.
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