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ABSTRACT: Historically, beehive coke ovens (BCOs) were
extensively operated in China and emitted large quantities of
pollutants, including primary PM2.5 and secondary PM2.5 precursors,
and other climate forcers. Although these ovens were legally banned
in 1996 by the Coal Law, the process of phasing them out took over a
decade to accomplish. Based on historical operation data derived
from remote sensing images, temporal trends and the spatial
distribution of the emissions of various pollutants from BCOs were
compiled and used to model the resulting perturbation in ambient
PM2.5, population exposure, and PM2.5-associated adverse health
impacts. Historically, PM2.5 originating from BCOs affected a vast
region across China, which peaked in approximately 1996 and
decreased afterward until the ovens’ final elimination in 2011.
According to the results of a supply−demand model, emissions from
the BCOs would have continued to increase after 1996 if they had not been banned. As a result, national average PM2.5
attributable to BCOs in 2014 would have been more than three times as high as that in 1996. It was estimated that the
cumulative number of premature deaths associated with BCO-originating PM2.5 from 1982 to 2014 was as high as 365 000
(95% confidence interval 259 000−402 000). The number would have nearly tripled if BCOs had not been banned and halved if
the ban had been implemented immediately after the regulation was in force, suggesting the importance of legislation
implementation.

■ INTRODUCTION

Historically, a large number of beehive coke ovens (BCOs)
were operated in rural China over several decades.1 Because of
poor combustion conditions and the total absence of emission
control facilities, BCOs were once among the most polluting
industrial processes, and the emission factors (EFs, quantity of
a pollutant emitted per unit of fuel consumed) of most air
pollutants from BCOs were much higher than those from
industrial coke ovens (ICOs) and most other industrial
processes.2 Although severe environmental damage caused by
BCOs was well known for decades, a large gap between the
capacity of ICOs and market demand in the context of soaring
iron and steel production became the major driving force for
the rapid expansion of BCOs in rural China. Additionally, the
high profit of BCO coke production was very attractive to poor
farmers.3

In 1996, the Coal Law was promulgated, making BCOs
illegal in China.4 Unfortunately, the ban was not fully
implemented at that time. Although local environmental
protection administrations launched a series of campaigns to
demolish BCOs, BCOs were illegally rebuilt by local farmers
and were scattered in remote mountain areas.5 The major
reasons for illegal production included a shortage of coke in

the market and the low income of farmers.6 Such a cat-and-
mouse game went along for more than a decade until 2011,
when BCOs were finally eliminated.7

To evaluate the environmental and health benefits of the
ban, a quantitative assessment was conducted previously,
aiming to identify lung cancer risk attributable to carcinogenic
benzo(a)pyrene (BaP).8 By reconstructing temporally and
spatially resolved historical BCO production, compiling BaP
emissions, and modeling ambient concentrations and pop-
ulation exposure, lung cancer risk associated with BaP from
BCOs was quantified.8 It was shown that several thousand lung
cancer cases were attributed to BCOs during a period from
1982 to 2011, and the number would have been almost tripled
if there had been no ban.8 On the other hand, if the legislation
had been fully implemented immediately after the law came
into force, the risk would have been reduced by approximately
two-thirds, suggesting equal importance of the legislation and
its implementation.8
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Among all air pollutants, PM2.5 (particulate matter with
aerodynamic size less than 2.5 μm) is the most harmful in
terms of its health impacts and can lead to a range of diseases.9

It has been estimated that approximately 80% of premature
deaths caused by air pollution resulted from exposure to
PM2.5.

9 Because BaP is only one of many toxic components of
PM2.5,

10 the overall population health impact of PM2.5 can be
orders of magnitude higher than that of BaP.9 Ambient PM2.5
originating from BCOs results not only from direct emissions
but also from secondary formation. Secondary PM2.5
precursors, such as SO2, NOx, and semivolatile organic
carbons,11 can also be emitted in large quantities from
BCOs.12 The main objectives of this study were to evaluate
the historical health impact of PM2.5 originating from BCOs
and the health benefits of the BCO ban, by quantitatively
modeling the emissions, chemical transport in the atmosphere,
population exposure, and health consequences.

■ METHODS

BCO Production. Historical BCO coke production data
compiled in a previous study were adopted.8 In brief, values of
annual production from 1982 to 2014 in China were from
statistical yearbooks.13 Detailed spatial distribution and
interannual variation were extracted from satellite images
(Landsat) using composition (TM721 and TM751 bands)
technology from 1987 to 2011.14 The results agree well with
recorded BCO coke production statistics in total quantities.14

To cover a period from 1982 to 1986, which was regarded as
the first stage of the economic reform in China, values from
these years were extrapolated by assuming that the temporal
and spatial patterns were the same as those in 1987. BCO coke
production for the no-banning scenario was estimated
previously.8 In brief, a multivariate regression model was
developed based on production data before 1996. The
significant independent variables identified include fine coal
production, total coke production, gross domestic production,
and producer’s price index for coke.8

Emissions. Gridded emissions of primary PM2.5 and
secondary PM2.5 precursors from various sources in mainland
China, including BCOs, with 0.1 × 0.1° spatial resolution and
monthly temporal resolution were compiled from PKU
emission inventories.15 Chemical species or their sources
missing from the PKU database were derived from other
information sources. Specifically, ammonia (NH3) from the
agricultural sector, nonbiogenic volatile organic compounds
(VOCs), and biogenic VOCs were obtained from EDGAR,
HTAP, and MEGAN.16−19

Transport Modeling. The Model for Ozone and Related
chemical Tracers, version 4 (MOZART-4) was used to model
PM2.5 concentrations in ambient air for a period from 1982 to
2014.20 The horizontal resolution was 1.895° (latitude) ×
1.875° (longitude), with 28 vertical layers and a 15 min time
step. Meteorological inputs were NCEP/NCAR reanalysis
products for all years.21 Spatial resolution was downscaled to
0.1 × 0.1° using aerosol optical depths from MODIS as a
surrogate.22,23 The model was run twice based on total
emissions from all sources and emissions with no BCOs,
respectively. The differences in the calculated PM2.5 between
the two model runs were derived as BCO contributions.
Because the base model (with all emissions) was previously
run in another study using the same model and the same
emission database, and was successfully validated against a

large quantity of observations,24 model validation was not
repeated in this study.

Health Impact. Population exposure to PM2.5 was derived
based on the downscaled PM2.5 concentrations. Numbers of
premature deaths associated with PM2.5 exposure were derived
for five diseases of acute lower respiratory infections for
children under five, lung cancer, ischemic heart disease (IHD),
cerebrovascular disease, and chronic obstructive pulmonary
disease (COPD), based on the latest hazard ratios in the
Global Exposure Mortality model (GEMM) established by
Burnett et al.25 Background disease burdens were from the
Global Burden of Disease study.26

Data Analysis. Statistical analysis with a significance level
of 0.05 was conducted using SPSS 23.0 released by the
International Business Machines Corporation.27 Monte Carlo
simulations were performed 1000 times to assess model
uncertainty, using MATLAB R2016b released by Math-
Works.28 Coefficients of variation of model-estimated PM2.5
concentrations were determined by the sensitivities of PM2.5
concentrations to emissions of various species based on a series
of sensitivity tests conducted in previous studies.24,29 Grid cells
were not treated individually. Distribution parameters of
dose−response curves after GEMM are listed in Table S1.25

■ RESULTS AND DISCUSSION
EFs for BCOs. Among a variety of industrial processes using

coal as fuel, coke production is the one with the highest
emissions of a range of air pollutants, largely due to limited
oxygen supply and high fugitive leakage, which are difficult to
control.30 The pollutants of greatest concern included
incomplete combustion products (such as primary PM2.5,
black carbon (BC), organic carbon (OC), and carbon
monoxide (CO)),12,31 oxidized fuel components (such as
SO2), and high-temperature byproducts (such as NOx). While
emissions of these pollutants from ICOs can be well
controlled, all pollutants from BCOs are released into the
environment with no mitigation efforts.2 High emission
potential can be observed from the mean EFs of seven major
air pollutants from BCOs, as shown in Figure S1 and Table S2
in comparison with the EFs for several other industrial
processes and other sectors.15 The EFs of most pollutants,
including primary PM2.5, CO, BC, OC, NH3, and BaP, from
BCOs are approximately one order of magnitude higher than
those for other major industrial and nonindustrial sources.
Based on the results of global atmospheric chemical transport
modeling, the four most important pollutants contributing to
ambient PM2.5 are primary PM2.5, SO2, NOx, and NH3;

24

BCOs contribute significantly to all of these pollutants.
Since the late 1980s, when the Air Pollution Prevention and

Control Law came into force,4 a series of mitigation actions
have been taken to battle pollution in China,32 and emission
control facilities have been extensively installed or upgraded in
power generation, industrial, and transportation sectors.33

Consequently, the EFs of major air pollutants from these
sources have gradually decreased.24 Taking primary PM2.5 as
an example, the temporal trends of EFs from major emission
sources, including BCOs, coal-fired power plants, trans-
portation, and residential coal stoves, from 1982 to 2014 in
China are shown in Figure S2.15 Because particulates are
technically easy and less expensive to remove than other gas-
phase pollutants, the average EFs of PM2.5 from most activities
showed substantial decreases during this period. In fact, similar
decreasing trends can be observed for other pollutants,
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including SO2 and NOx, though at a slower pace.4 Two
exceptions were residential coal burning and BCOs, whose
pollutant removal facilities were totally absent and for which
EFs remained constant over the period.
Emissions from BCOs, as reflected by the very high and

unchanged EFs, have contributed significantly to the total
emissions of major air pollutants over the past few decades.
The relative importance of BCOs increased until the ban was
enforced in 1996 because of slowly increasing or even
declining emissions from most other sources. Figure 1 shows
the relative contributions of BCOs to the total annual
emissions of eight major air pollutants from all industrial
sources in 1996, when BCO production was at its peak. If the
emissions of major incomplete combustion products from coke
production are separated into BCOs and ICOs, emissions from
BCOs accounted for 23, 39, and 38% of the total emissions of
primary PM2.5, BC, and OC, respectively, from all industrial
processes in 1996. Even when all anthropogenic sources were
considered, the relative contributions to the total emissions of
these air pollutants were still as high as 10, 23, and 8.3%,
respectively. On the other hand, the contributions of BCOs to
major precursors of secondarily formed PM2.5 were less
important. For example, although more than one-fourth of
NH3 from industrial sources stemmed from BCOs, NH3 from
the agricultural sector dominated the overall emissions.34

BCOs in China were not evenly distributed in space. Figure
2 shows the geospatial distributions of annual emissions of
primary PM2.5 from BCOs in eastern China in 1982, 1996,
2001, and 2006, which were derived based on the EFs and
spatially resolved BCO production data. It appears that the
strong emissions of PM2.5 from BCOs were not localized.
Instead, numerous BCOs were located extensively across a vast
region across all of eastern China, stretching from Hebei and
Shandong in the north to Guizhou and Yunnan in the
southwest, with the highest emissions in Shanxi. The entire
region was under the direct influence of BCO emissions, even
without taking atmospheric dispersion and transportation into
consideration. Furthermore, this region was densely populated
with a total population of approximately 600 million,
constituting almost half of the total population of China.
These high-emission areas share common features of rich coal
reserves and poor rural residents with low income.7 In terms of
BCO production, Shanxi was superior to other provinces.7

Local farmers often had easy access to coal produced from
many small coal mines,35 and the booming iron-steel industry
in northern China created a huge demand for coke.36 In 1996,
coal production in Shanxi reached 331 million tons, 12.7% of
which was from below-scale coal mines.14 Meanwhile, the
province contributed 25.7% of the total coal production and
85.8% of BCO coke production in China.7 Over more than 2

Figure 1. Relative contributions of BCOs to the total annual emissions of major air pollutants from industrial emissions. Contributions of ICOs,
brick production, and cement production are also shown for comparison. All other industrial sources are lumped together as “others”.

Figure 2. Spatial distribution of annual emissions of primary PM2.5 from BCOs in eastern China in 1982, 1996, 2001, and 2006.
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decades from 1982 to 2006, the spatial pattern of primary
PM2.5 emissions from BCOs did not change much. The
exception was that there was a slight increase in emissions in
southwestern and eastern China between 2001 and 2006, as
well as a significant emission reduction in Shanxi and adjacent
provinces. This is in line with provincial BCO productions.
Influence of the BCO Ban on Emissions. Figure 3 shows

the temporal trends in annual emissions of major air pollutants,
including primary PM2.5, BC, OC, and NH3, which influence
PM2.5 levels in the ambient air from BCOs and other industrial
sources from 1982 to 2014. Coke production from BCOs and,
consequently, emissions of major air pollutants from this
source changed over the years. Consistent with emissions from
many other industrial sources, variations were driven either
economically by market forces or legislatively by regulations.
There were continuous increases in emissions from all of these
sources for 2 decades starting in the early 1980s, which
resulted from rapid industrialization and extensive infra-
structure expansion driven by the open-door policy and
rapid economic development.8 During that period, the total
output of industry (purchasing power parity) in China
increased more than 15 times from 218 billion RMB in 1982
to 3366 billion RMB in 1996, and the annual productions of
coal and coke increased from 621.8 and 43.4 million tons to
1292.2 and 124.2 million tons, respectively.13 Annual
emissions of primary PM2.5 from all industrial sources and
from BCOs increased from 2168 and 168 Gg to 4779 and 1253
Gg, respectively. The industrial emissions reached the peak in
approximately 1996 and began to decrease due both to the
economic depression and to the nationwide campaign to
control air pollution in most industrial sectors.15 For example,
the annual emission of PM from industrial sources decreased
from 8.5 million tons at its peak in 1996 to 5.4 million ton in
2009.37 The rebound of PM2.5 emissions from cement
production and other industrial sources was associated with
a decade-long infrastructure boom, as the cement production
increased at an average annual rate of 12% from 2000 to
2010.15 For BCOs, 1996 happened to be the year when the
Coal Law came into force. Although BCOs were legally banned
by the end of that year, emissions decreased but did not end.
The legal ban was difficult to implement because (1) BCOs
were easily built at low cost, (2) they were scattered widely in

rural regions, especially in mountainous areas, and (3)
production benefited local economies.2 In fact, BCOs were
not completely eliminated until 2011, after a decade-long cat-
and-mouse game between local governments and rural
villagers. Meanwhile, after BCOs were banned, production
from conventional coke ovens was intended to compensate.
However, industrial-scale coke ovens took years to construct,
and their capacity did not begin to catch up until the early
2000s,8 leaving a gap between demand and supply, which was
also a driving force for the continuation of BCO production.
To evaluate the impact of the BCO ban on emission of BaP

from 1996 to 2014, a regression model was developed by Xu et
al. to simulate BCO production for a business-as-usual scenario
assuming that there was no BCO ban at all.8 Based on several
socioeconomic parameters, the annual BCO coke production
driven by market demand was simulated for this particular
scenario8 and compared with the actual production to evaluate
the effectiveness of the legislation. In this study, the same
model was applied to estimate the emissions of major air
pollutants, including primary PM2.5 and secondary PM2.5
precursors subject to the realistic and business-as-usual
scenarios, respectively. Taking primary PM2.5 as an example,
the emissions for the two scenarios with and without the ban
are shown in Figure S3. The difference between the two is the
emission reduction due to the ban. For the realistic scenario,
the emission did not terminate immediately after the ban came
into force in 1996. Instead, BCO coke production and,
consequently, emissions of various air pollutants continued
until 2011, indicating poor implementation of the law. Without
the ban, the annual emissions of primary PM2.5 and other
pollutants would have soared after 2000 and reached 2.1 Tg in
2014, nearly double the quantity in 1996 (1.2 Tg).

Ambient PM2.5 Originating from BCOs. Based on the
calculated emissions, ambient concentrations of both primary
and secondary PM2.5 were predicted by atmospheric transport
modeling. Because BCOs were absent in the west, the
northeast, and the southeast of China, emissions of various
air pollutants from BCOs led to only a slight increase in the
national average PM2.5 concentration. In the peak year of 1996,
the contribution of BCOs to the national average PM2.5 level
(26.1 μg/m3) was merely 0.44 μg/m3. In contrast, the
population-weighted PM2.5 concentration increased by 2.9

Figure 3. Temporal trends in annual emissions of major air pollutants from BCOs and other industrial sources from 1982 to 2014.
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μg/m3 due to BCO emissions in that year (58.9 μg/m3 as the
total from all sources), indicating the importance for health
assessment of the spatial overlap of BCOs and population. The
greatest contribution of BCOs to a local grid cell with
approximately 100 km2 resolution can be as high as 56 μg/m3

(1996), which exceeded the national standard.
Although BCOs were scattered in an elongated region

extending from Hebei in north China to Yunnan in the
southeast, PM2.5 concentrations over the entire region and
even in neighboring areas were affected by BCO emissions due
to atmospheric transport. The resulting change in ambient
PM2.5 over eastern China is mapped in Figure 4, showing both

log-scaled absolute and relative BCO contributions to annual
mean PM2.5 in 1996. Consequently, not only the villages where
BCOs were in operation but also the villages close to the
production areas were severely affected. In fact, although a
relatively small number of rural residents were involved in
BCO coke production, the entire population of a vast region
were exposed to extra PM2.5 with levels exceeding 10 μg/m3.
As shown in Figure 4, the air quality in Shanxi, the province
with the highest BCO coke production, was affected most
significantly. As the most affected area in China, the
contribution of BCOs in Jiexiu, Shanxi, to annual average
PM2.5 concentrations was approximately 50% in 1996.
Although BCO production in Guizhou was higher than that
in all other provinces except Shanxi, it was a distant second
after Shanxi in terms of emissions and contribution of BCOs to
ambient PM2.5 concentrations. In 1996, the levels of total BCO
coke production in Shanxi and Guizhou were 46.4 and 1.9
million tons, and the average BCO-originating additive PM2.5
concentrations were 11.5 and 1.8 μg/m3, respectively. The
large differences in the absolute and relative contributions
between the two provinces were due to much high emissions in
Shanxi.38 Distribution of population-weighted PM2.5 from
BCO, as an intermediate variable for population exposure
calculation, is mapped in Figure S4, after being divided by the
mean concentration. As shown, the overall risks are
strengthened in the regions with high population density.
As discussed previously, BCOs differed greatly from many

other sources in composition profile of emissions. BCO
emissions were dominated by primary PM2.5, including OC
and BC, whereas many other sources, including most industrial
sources, were rich in secondary PM precursors, such as SO2

and NOx. As a result of these differences in emission
composition, ambient PM2.5 originating from BCOs played
an important role in primary PM2.5, with OC, BC, and
unspecified PM2.5 accounting for 66, 25, and 3% of the total,
respectively (Figure 5). In comparison, the fraction was less
than 30% for other sources combined. Therefore, the principal
outcome of the BCO ban was the reduction of primary PM2.5
in the ambient air.

The temporal trends in BCO contributions to the national
average and maximum grid cell PM2.5 concentrations simulated
for two scenarios, with and without BCO ban, are shown in
Figure 6. The no-ban scenario assumed that BCO production
was totally driven by market forces, and the temporal trend in
BCO production was predicted using the regression model
previously developed.8 The general BCO production trends in
these two scenarios were similar to those of emissions. In the
realistic scenario, the contributions of BCOs to ambient PM2.5
concentrations, as reflected in either the national average or
maximum grid cell levels, had decreased rapidly after 1996,
when the ban was formally introduced, although the influence
did not immediately end as intended. Such a phenomenon was
common in China during that period, when many environ-
mental regulations and laws were issued but failed to be
properly implemented in a timely manner.39 The lag in
implementation was particularly apparent for nonindustrial-
scale enterprises such as BCOs, which were built and operated
by rural farmers in poor and remote mountainous areas and
could hardly be monitored or inspected. The banning process
was practically a decade-long cat-and-mouse game. Govern-
mental agencies had to send teams to demolish operating
ovens in rural villages. However, more often than not, the
ovens were soon rebuilt by local farmers, simply because the
cost of building a new oven was inexpensive and the potential
profit of producing and selling coke was very high, compared
with the low income of the farmers.2 As a result, similar
regulations and notifications of the ban were issued again and
again over these years.40 By 2011, 15 years after the Coal Law
was in place, all BCOs were finally terminated. Despite the
reluctance in its implementation, the Coal Law showed
positive influences on the phasing-out of BCOs and the
decrease in BCO emissions.
As discussed above, if there had been no such regulation, the

emissions of various pollutants from BCOs and, consequently,
contributions to ambient PM2.5 would have increased
continuously, driven by the growing coke demand. The
difference between the no-ban and the realistic scenarios can
be seen in Figure 6. In the no-ban scenario, the annual average
PM2.5 concentration would have increased by approximately

Figure 4. Contributions of BCO emissions to annual mean ambient
PM2.5 in eastern China in 1996. The results are shown in both
absolute (A) and relative (B) terms.

Figure 5. Major components of ambient PM2.5 originating from
BCOs (left) and from all other sources (right).
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1.5 μg/m3 in 2014 due to BCOs, which was three times that in
the peak year of the realistic scenario (i.e., in 1996). The
average population-weighted PM2.5 concentration would have
increased by 8.8 μg/m3, with the concentration increases in
single grid cells as high as 147 μg/m3. As shown in Figure 7,

the contribution in 2014 would have been more concentrated
in a relatively small region around Shanxi, indicating severe
adverse localized impacts without the ban. The distributions of
primary and secondary PM2.5 originally from BCO emissions
are mapped in Figure S5, showing that the areas near the
emission sources such as Shanxi are profoundly affected by
primary PM2.5 and the influence of secondary PM2.5 reached a
much larger region.
Health Benefits of the Ban. Levels of BCO production

were higher in northern and southwestern China, especially in
Shanxi. Unfortunately, these provinces are among the regions
with the highest population densities. With dispersion of the
emitted air pollutants, a very large area was affected. For
example, if 10 μg/m3 additive ambient PM2.5 concentration
was selected as a threshold, the regions where air quality was
significantly affected by BCOs in 1996 reached 200 000 km2,
covering a total population of 109 million; this population was
almost 9% of the total population in China, suggesting that
BCOs were an important source of air pollution at that time.
For the period from 1982 to 2014, the cumulative number of

premature deaths caused by exposure to ambient PM2.5
associated with BCOs reached 365 000 (95% confidence
interval 259 000−402 000). Lung cancer, stroke, ischemic
heart disease (IHD), acute lower respiratory infection, and
chronic obstructive pulmonary disease (COPD) contributed
13, 27, 12, 10, and 37%, respectively, to premature mortality. A

previous study revealed that approximately 3500 cases of
cumulative lung cancer were attributable to exposure to
polycyclic aromatic hydrocarbons (PAHs) originating from
BCO production during the same period. Given that the
majority of carcinogenic PAH compounds (i.e., high-
molecular-weight PAHs) are bonded to fine particles, we
estimated that PAHs contributed approximately 7% of the lung
cancer incidence induced by exposure to PM2.5 associated with
BCOs. If the ban was not implemented, the estimated
cumulative premature deaths from BCOs would have been 1
057 000 (769 000−1 16 0 000), which would have tripled the
mortality observed in the ban case, suggesting a difference of
692 000 premature deaths.
In summary, operation of BCOs over the past few decades

had caused severe health impact in almost entire eastern
China. The BCO ban had led to a reduction of 692 000
premature deaths associated with PM2.5 exposure, suggesting
that legislation can lead to significant health benefits. On the
other hand, if the ban had been implemented immediately after
the law was in force, additional 183 000 lives would have been
saved. In the past, many environmental laws and regulations
have been established in China, covering a variety of areas of
water, air, soil, ecosystem, and human health. However, in
many cases, the effectiveness of the legislation was reduced by
the slow implementation. A lesson that can be learned from
this study is that legislation implementation is as important as
the enactment. More attention needs to be paid by
policymakers on the implementation of various existing
environmental legislations.
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