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Nowadays, more than half of the world’s population lives in
urban areas. It is forecasted that another 20% will move into
cities within the next 40 years, most of which will occur in
developing countries. It is predicted that the urbanization
ratio will increase from the present 52.5% to 70% in 2020
in China. The rapid urbanization questions the sustainability.
Cities require huge quantities of energy and materials which
produce large quantities of waste products, raising the problems of energy shortage, water pollution, soil pollution, and
air quality deterioration.
This special issue, of The Scientific World Journal focuses
on those problems that we will face during this challenging
process. The accepted topics are on the latest research of
(1) energy efficient construction and renewable energy use
in cities; (2) technologies in waste water treatment; (3)
energy saving and pollution control of municipal solid waste
incineration; and (4) urban air pollution chemistry, control,
and relationship with energy use.
Nine papers selected from the submitted nineteen ones
are published in this special issue. Some of the papers were
unaccepted only because they were beyond the scope of this
issue. We would like to express our gratitude to those authors
for their support and contributions first in this opening.
Out of the nine papers, two were review articles and
others were research papers. The topic distributions are two
for energy use and saving in cities, three for water pollution
control and treatment, one for solid waste treatment, and
three for air quality pollution and control. Below is a brief
introduction to each of these papers in this special issue.

We will introduce the two important review papers at
first. The paper “Recent developments of electrochemical promotion of catalysis in the techniques of DeNO𝑋 ” by X. Tang et
al. has summarized many valuable viewpoints related to electrochemical promotion of DeNO𝑋 . The removal of NO𝑋 is of
significant concern in reducing the pollution and protecting
the environment at present in China. But up to now, the
traditional ways of DeNO𝑋 usually need a specific operating
temperature window. Because of the situ controllability in the
promoter concentration at the surface of a working metal
catalyst, the EPOC provides an alternative way to improve
catalysts performance. EPOC is quite a recent and remarkable
part of catalysis, and hundreds of papers were written on this
topic from the pioneering work of C.G. Vayenas in MIT and
Patras University. This will be helpful for the development
of new catalytic system with low operating temperature and
high NO𝑋 conversion for the removal of NO𝑋 . This paper is
valuable for reducing the NO𝑋 pollution of industrial exhaust
gas and improving environmental quality.
The review paper “The hydrolysis of carbonyl sulfide at low
temperature: a review” by S. Zhao et al. has systematically
summarized the development of catalyst for catalytic hydrolysis of carbonyl sulfide (COS), reaction kinetics, and reaction
mechanism and has analyzed some problems which need to
be solved in the development of COS removal technology.
COS, which widely exists in natural gas, petroleum gas, and
water gas, is normally regarded as a significant poison for
industrial catalysis. Furthermore, not only does COS lead
to economic problems, but also affects the environment. It

2
has been proven to be a major source of acid rain when
oxidized to sulfur oxide and to promote photochemical reactions. Some methods have been developed for the removal
of COS, including catalyzed hydrogenation, oxidation, and
hydrolysis, in which the hydrolysis of COS is recognized as
the most promising process due to mild reaction condition,
cheapness, and higher conversion efficiency. This paper provides a possible guidance for the development of the organic
sulfur removal technology as well as the air pollution control
technologies.
In Z.-p. Zhang and F.-h. Du’s paper “Optimization and
thermoeconomics research of a large reclaimed water source
heat pump system,” a large reclaimed water source heat
pump is introduced as well as its design principles and
techniques. Water source heat pump is considered among
the most energy efficient technologies for providing heating
and cooling in urban constructions. This paper has presented
a detailed process of the design of a large, complicated
system including a distributed heat pump heating system and
a combination of centralized and decentralized systems. It
provides an excellent example and reference for the future
application of water source heat pump technology.
The paper “Flow-field characteristics of high-temperature
annular buoyant jets and their development laws influenced
by ventilation system” written by Y. Wang et al. has applied
a numerical model to understand the flow characteristics
of high-temperature annular buoyant jets and the development laws influenced by ventilation system to eliminate the
pollutants effectively. Based on the detailed analysis using
the appropriate method, the authors have drawn several
remarkable conclusions that would be useful to the pollution
control in industries.
C. Zhu et al.’ paper “Reduction of waste water in Erhai
lake based on MIKE21 hydrodynamic and water quality model”
has applied the MIKE21 hydrodynamic and water quality
model in Erhai Lake to simulate the water quality and water
environment capacity. Erhai Lake is one of the most famous
lakes in China and has suffered a lot from the water pollution
in recent years. It may be of particular interest to the policy
makers on water quality improvement of Erhai and other
similar lakes in China.
The paper “Research on phthalic acid esters removal and its
health risk evaluation by combined process for secondary effluent of wastewater treatment plant” by S. Li et al. has discussed
the treatment efficiency of “coagulation-sedimentationO3 -biological sand filtration-GAC” combined process on
phthalic acid esters in secondary effluent of municipal
wastewater treatment plant, and the health risk is analyzed
as well. It is informative and useful to the in depth treatment
of municipal waste water in Chinese cities.
In W. Zhang et al.’s paper “Characterization of urban
runoff pollution between dissolved and particulate phases,” the
characteristics of urban runoff pollution between dissolved
and particulate phases are discussed, using 12 rainfall events
monitored in five typical urban catchments. It can provide
useful information for the future control of the urban runoff
pollutions in China.
“Formation of humic substances in weathered MSWI bottom ash” is the only paper dealing with solid waste treatment
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in this special issue. It has presented an evaluation of humic
substances content in the bottom ash of municipal solid waste
incinerators and its affecting factors such as incubation time
and temperature. It has concluded that the high temperature
may be beneficial to the formation of humic acid, while low
temperatures are conducive to the accumulation of fulvic
acid. Two extraction reagents are compared as well, and the
optimal formula is recommended.
The paper “Quantifying the sources of the severe haze
over the southern Hebei using the CMAQ model” has applied
the MM5-Models-3/CMAQ modeling system to quantify
the source contributions to the PM2.5 concentrations in the
southern Hebei cities, Shijiazhuang and Xingtai, which may
be the top one and two polluted cities in China. This paper has
examined the importance of each sector to the air pollution in
these two cities. It may be of particular interest to the policy
makers in the future air pollution control in this area.
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The Southern Hebei of China has experienced an obvious increase of the haze occurrence frequency in the recent years. It has
turned out to be one of the most seriously polluted areas in China. This study is aimed at quantifying the sources of the serious haze
pollution over the Southern Hebei area, using the Mesoscale Modeling System Generation 5 (MM5) and the Models-3/Community
Multiscale Air Quality Model (CMAQ) modeling system. The sectoral contributions by the local and the surrounding regions to the
fine particulate matter (PM2.5 ) concentrations in the two representative cities, Shijiazhuang and Xingtai, were analyzed by applying
the method of scenario analysis. It will provide useful information to the policy making in the severe air pollution control in the
Southern Hebei area.

1. Introduction
In recent years, regional haze has been one of the most
disastrous weather events in China [1]. Along with the economic development, many developed regions in China such
as the Beijing-Tianjin-Hebei (BTH) region, Pearl River Delta,
Sichuan Basin, and Yangtze River Delta have suffered serious
haze pollution [2]. Hebei province is located in northern
China. Its occurrence frequency of haze has experienced
significant increase in recent years [3], especially in its
central and southern parts. The average Air Quality Index
(AQI) in the first quarter of 2013 released by the Ministry
of Environmental Protection (MEP) showed that the top five
most polluted cities were all in Hebei province, including Shijiazhuang, Xingtai, Baoding, Handan, and Tangshan. MEP
also reported that the large scope and long term of haze
pollution in January and February 2013 was the main reason
of highest AQI in these cities. In particular in January 2013,
Hebei province suffered haze pollution during 8–17, 22–24,
and 27–30, 17 days in total. The intensity, scope, and durability
were rare in history.
It is necessary and urgent to carry out haze research in
this region. The effective control of haze pollution should

be based on the scientific understanding of its source and
formation mechanism. Zhao et al. [4] and Wang et al. [5]
have conducted regional scale modeling over Hebei and
the surrounding areas and estimated the contributions of
anthropogenic emission in the local and surrounding regions
to PM2.5 in Shijiazhuang and Xingtai city. They concluded
that the major contributors were the Hebei area (72.6%),
Shanxi (10.4%), Henan (3.7%), and Shandong (3.6%) to
Shijiazhuang City.
This study further quantified the sectoral contributions
from the major emission sectors to the PM2.5 concentrations
in Shijiazhuang and Xingtai city in July and December, 2007.
The scenario analysis method was applied. This study is aimed
at providing scientific information for the future air pollution
control and improvement in the Southern Hebei area.

2. Methodology
2.1. Modeling Domain and Period. Lambert projection with
the two latitudes of 25∘ N and 40∘ N was adopted in the whole
simulation. The domain origin was 34∘ N, 110∘ E. Two nested
domains were chosen in this study considering that grid
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Domain 1
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(a)

(b)

Figure 1: (a) Two domains used in CMAQ modeling. Domain 1: 36 km over most of East Asia with 164 × 97 grids; domain 2: 12 km over most
of eastern China with 93 × 111 grids. (b) Location of target cities in domain 2 and the range of domain 2.

spatial resolution had a significant impact on the accuracy
of simulation, as shown in Figure 1(b). The inner domain
included Hebei and five surrounding provinces with a 12 km
grid resolution. The mother domain using a 36 km resolution covered most parts of China, Japan, Korea, Mongolia,
and parts of South Asia to provide boundary conditions
for domain 2. Based on the degree of contamination and
haze frequency, we chose Shijiazhuang and Xingtai within
domain 2 as the representative cities to analyze the haze
pollution in the south Hebei [5].
The year 2007 was the most severe polluted year in the
ten years from 2001 to 2010 [5, 6]. The simulation results
of Shijiazhuang and Xingtai in July and December of 2007
by CMAQ were credible and would be suitable for further
atmospheric research [7]. Considering the above reasons, we
fixed on July and December of 2007 as the modeling period.
2.2. Model Configuration and Input. The US Environmental
Protection Agency (US EPA) Models-3/CMAQ modeling
system version 4.7.1 with the process analysis tool was
employed to explore the source of haze and PM2.5 in Shijiazhuang and Xingtai city. Two domains were sent up for
CMAQ modeling system on Lambert projection: domain 1
was constituted of 164 × 97 grid cells on 36 km horizontal
resolution, and 93 × 111 grid cells comprised domain 2
with 12 km horizontal resolution. The vertical resolution was
stretched from the surface to the model top (100 mb), and 14
sigma layers were used for the vertical resolution of CMAQ
with sparser layers at higher altitudes.
A clean atmospheric profile was used to provide the
initial and boundary conditions required by the first day’s
simulation, while the subsequent data required was obtained
from the CMAQ Chemistry-Transport Model (CCTM). For
the purpose of eliminating the influence of error associated

largely with the conditions, a spin-up period of five days was
set.
MM5 model version 3.7 with four-dimensional data
assimilation was conducted to provide CCTM with the meteorological parameters of the domain defined. There existed
twenty-three sigma layers in the vertical grid structure. Two
domains and one-way nesting were adopted by MM5 in
which a 170 × 97 and 100 × 111 grid was chosen for the
36 and 12 km resolution, respectively. The centers of them
were −18 km, −288 km, 1182 km, and 1044 km, respectively.
Of the MM5 input data, the terrain and surface data were
drawn from the U.S. Geological Survey database. First guess
fields with 1∘ × 1∘ resolution, 6-hour interval, and the initial
conditions were extracted from the U.S. Geological Survey
database. The observation data used in the objective analysis
were based on information from the National Center for
Environmental Prediction (NCEP) Final (FNL) Operational
Global Analysis datasets. The MM5 output files were postprocessed by the Meteorology-Chemistry Interface Processor
(MCIP) on an hourly basis.
The emissions used here were extracted from Intercontinental Chemical Transport Experiment-Phase B (INTEX-B)
emission inventory established by Zhang et al. [8] which
was modified and updated on the basis of Transport and
Chemical Evolution Over the Pacific (TRACE-P) presented
by Streets et al. [9]. The inventory includes the emissions
of sulfur dioxide (SO2 ), nitrogen oxides (NO𝑥 ), carbon
monoxide (CO), nonmethane volatile organic compounds
(NMVOCs), PM10 , PM2.5 , black carbon (BC), and organic
carbon (OC) for Asian countries in 2006. To satisfy the
need of this study, we regridded this inventory form 1∘ × 1∘
resolution to 36 km and 12 km resolution using the gridding
technique presented by Streets et al. [9] and Woo et al. [10].
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Table 1: Modeling scenarios in this study.

Scenario name
Base

Emission Scenario
Base case

HB-POW0
BT-POW0
HN-POW0
SD-POW0
SX-POW0
HB-IND0
BT-IND0
HN-IND0
SD-IND0
SX-IND0
HB-DOB0
BT-DOB0
HN-DOB0
SD-DOB0
SX-DOB0
HB-DON0
BT-DON0
HN-DON0
SD-DON0
SX-DON0
HB-TRA0
BT-TRA0
HN-TRA0
SD-TRA0
SX-TRA0

Power plant emissions were turned off in Hebei province
Power plant emissions were turned off in Beijing-Tianjin region
Power plant emissions were turned off in Henan province
Power plant emissions were turned off in Shandong province
Power plant emissions were turned off in Shanxi province
Industrial emissions in Hebei province were turned off
Industrial emissions were turned off in Beijing-Tianjin region
Industrial emissions were turned off in Henan province
Industrial emissions were turned off in Shandong province
Industrial emissions were turned off in Shanxi province
Domestic combustion emissions were turned off in Hebei province
Domestic combustion emissions were turned off in Beijing-Tianjin region
Domestic combustion emissions were turned off in Henan province
Domestic combustion emissions were turned off in Shandong province
Domestic combustion emissions were turned off in Shanxi province
Domestic noncombustion emissions were turned off in Hebei province
Domestic noncombustion emissions were turned off in Beijing-Tianjin region
Domestic noncombustion emissions were turned off in Henan province
Domestic noncombustion emissions were turned off in Shandong province
Domestic noncombustion emissions were turned off in Shanxi province
Traffic emissions were turned off in Hebei province
Traffic emissions were turned off in Beijing-Tianjin region
Traffic emissions were turned off in Henan province
Traffic emissions were turned off in Shandong province
Traffic emissions were turned off in Shanxi province

Remarks of emission scenarios
Baseline for contribution analysis

2.3. Scenarios and Contribution Analysis. In this study, the
pollution contribution from different emission sectors was
analyzed. There were 26 modeling scenarios set up in this
study, including one base case and twenty-five zero-emission
scenarios of different areas and sectors. The following Table 1
explained the meanings of essential modeling scenarios for
north China (domain 2) as we mentioned in this study.
Scenario analysis was conducted by cancelling the emissions of a sector and keeping emissions of other sectors to
compare between the simulation results and base case. The
difference denotes contribution value to the target sectors.
And the ratio of contribution value to base case reflects
contribution rate to pollutants concentration of target sectors.
Hence, the following equation was used to estimate contribution rate:
𝐶𝑖,contrib. = 𝐶Base − 𝐶𝑖−0 ,
𝑃𝑖,contrib. =

𝐶𝑖,contrib.
,
𝐶Base

(1)

where 𝐶𝑖,contrib. and 𝑃𝑖,contrib. represent the pollution contributions of concentration and percentage, respectively, from
sectors 𝑖. And 𝐶Base and 𝐶𝑖−0 mean the predicted concentrations of the base case and the case with zero emissions in
sectors 𝑖, respectively. At present, several modeling studies

To estimate the contribution of
the power plants emissions from
each area

To estimate the contribution of
industrial emissions from each
area

To estimate the contribution of
domestic combustion emissions
from each area

To estimate the contribution of
domestic noncombustion
emission from each area

To estimate the contribution of
traffic emissions from each area

have performed applying this methodology [5, 11–15] in north
China.

3. Results and Discussions
3.1. Model Evaluation. This study investigated the six representative cities in the simulated domain, Beijing, Tianjin,
Shijiazhuang, Taiyuan, Zhengzhou, and Jinan, for the evaluation of the simulated results. To gain the limited air quality
observation data for the model evaluation, we adopted the Air
Pollution Index (API) data from Ministry of Environmental
Protection of China (MEP) (http://datacenter.mep.gov.cn/),
which reported daily value of most areas in China. According
to the key pollutant API, the daily average concentration of
each city could be back calculated [5, 11, 13]. The concentration of monitored special pollutants, such as PM2.5 , PM10 ,
SO2 , and NO𝑥 , may not be available because only the API of
the key pollutant was reported. The day with API less than
50 was considered to be a “clean day.” The key pollutant of
the six representative cities was a coarse particulated matter
(PM10 ) in most days of July and December 2007, so that this
study only used PM10 concentration for model evaluation
except for very few clean days and the days with SO2 as a key
pollutant. The modeling results for December 2007 have been
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Figure 2: Comparison of observed and simulated daily average PM10 concentration in July 2007.

thoroughly evaluated in the study of Wang et al. [5], so only
the results for July were showed in Figure 2.
From Figure 2, it can be seen that the observed and
predicted values of PM10 daily concentration were overall
in good agreement with each other, and the predicted data
was lower than the observed ones in most of days and
cities. The best consistence appears in Tianjin city. The
average observed and predicted values of this city were
84 𝜇g⋅m−3 and 74 𝜇g⋅m−3 , respectively, with the normalized
mean bias (NMB) of only 12%. Followed by Jinan city, the
average observed and simulated values of PM10 monthly
concentration were 100 𝜇g⋅m−3 and 85 𝜇g⋅m−3 , respectively,
with NMB of 15%. The simulated mean monthly PM10 concentrations of the rest of cities were 100 𝜇g⋅m−3 , 110 𝜇g⋅m−3 ,
and 86 𝜇g⋅m−3 , respectively, compared with the corresponding mean observed values of 127 𝜇g⋅m−3 , 146 𝜇g⋅m−3 , and
115 𝜇g⋅m−3 , respectively. The NMBs of them were 21%, 25%,
and 25%, respectively. Among those cities, Zhengzhou had

relatively poor simulated performance, especially for the high
PM10 concentration parts, NMB of which was up to 33%.
However, the variation of simulated and observed values was
consistent. Generally, the MM5-CMAQ modeling results for
July and December in 2007 were credible so that it can be
employed to analyze the air quality of these areas.
3.2. Contributions by Local Sectors. The sectors analyzed in
this study for the local (Hebei) sources include the power
plant, the domestic combustion, the domestic noncombustion, and the industrial and traffic emissions.
The contributions of different sectors from Hebei area
to the PM2.5 concentrations in Shijiazhuang and Xingtai
and the corresponding PM2.5 concentrations in July and
December 2007 were summarized in Figure 3. In general,
the average PM2.5 daily concentrations in December were
higher than that in July, along with more appearing haze
days, which might be related to the worse diffusion condition
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Figure 3: Contribution ratios of sector sources of Hebei area to daily average PM2.5 concentration in Shijiazhuang and Xingtai.

and the heating in December. In July 2007, the highest
contribution ratios of mean daily PM2.5 concentration to
Shijiazhuang were the industrial source and the power plant
source, which contributed with an average ratio of 38.3%
and 18.5%, respectively, followed by the domestic combustion
source (7.7%) and the traffic source (2.7%). And the contribution ratio of the domestic noncombustion was almost zero. In
December 2007, the largest contributor was still the industrial
source, with average contribution ratio of 31.8%. At that time,
the second largest contributor was the domestic combustion
source (27.5%), higher than the power plant (2.5%) which was
the second largest in July. This result might be due to the
coal combustion for heating in winter. The traffic source and
the domestic noncombustion source only provide 2.1% and
0.7% on average to the contribution ratio. Compared with
Shijiazhuang in July 2007, the industrial source and the power
plant source in Xingtai were still the main contributors, with
average contribution ratios of 30.4% and 11.8%, respectively,
followed by the domestic combustion source of 7.7%, the
traffic source of 2.2%, and the domestic noncombustion
source of zero. The largest contributor was the domestic
combustion source with an average contribution of 29.1%
which was higher than the industrial source with that of
28.3% in December 2007. The average contribution ratios of

the traffic source domestic noncombustion source, and the
power plant source were 2.3%, 0.9%, and 0.5%, respectively.
In summary, the industrial source was the major contributor to the average PM2.5 daily concentration in Shijiazhuang
and Xingtai in July and December 2007. Furthermore, the
domestic combustion source became the second contributor
in December instead of the power plant source in July, which
might be significantly related to the heating in winter across
the Hebei areas. The power plant source held few contribution
ratios in December compared with that in July, and the traffic
source always kept a stable level in those two cities during the
July and December 2007.
3.3. Contributions by Regional Sectors. The contributions by
the regional sectors to the average concentrations of PM2.5 at
Shijiazhuang and Xingtai were summarized in Figures 4 and
5. As shown in Figures 4 and 5, the main regional contributors
to Shijiazhuang and Xingtai were contributed by industrial
source from Beijing-Tianjin; the mean contribution ratios
were 20.3% and 19.1%, and the maximum contribution can
be as high as 29.8% and 26.8%, respectively. In addition, the
major contribution ratios were from the industrial source
and the power plant source in Shanxi (3.2% and 4.3% for
Shijiazhuang; 2.7% and 3.8% for Xingtai), Henan (3.7% and
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Figure 4: Contribution ratios of daily average PM2.5 concentration from sector sources of the surrounding areas to Shijiazhuang in July 2007.
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Figure 6: Contribution ratios of daily average PM2.5 concentration from sector sources of the surrounding areas to Shijiazhuang in December
2007.

7.5% for Shijiazhuang; 7.5% and 13.0% for Xingtai) and
Shandong (3.6% and 5.2% for Shijiazhuang; 5.1% and 7.6%
for Xingtai), in July. And the contribution ratio of Henan
and Shandong was obviously larger than Shanxi. Another
evident characteristic was that when the contribution ratios
of the industrial source and the power plant source of
Hebei decreased, the other areas increased. In particular, the
variation of the contribution ratio of Henan and Shandong
was completely conversed with Hebei. It indicated that the
industrial source and the power plant source of Henan
and Shandong became the main contributors when the
contribution ratio of Hebei decreased in July. However, the
contribution ratio of Shanxi did not present consistency as
Henan and Shandong in July.
All in all, the industrial source and power plant source
were the most evident contributors to PM2.5 in Shijiazhuang
and Xingtai in July 2007, and the industrial source and
power plant source were also the most important external
contributors along with 21.2% to Shijiazhuang and 25.7% to
Xingtai from the industrial source of the four external regions
and 17.5% to Shijiazhuang and 24.9% to Xingtai from the
power plant source of the four external regions.
Comparison with contribution rate of July and December
used by Figures 4–7, the contribution rate of the external
sources decreased to some extent, especially the power

plant source. The contribution of domestic combustion
source, domestic noncombustion source, and transport
source increased, especially for domestic combustion source
and domestic noncombustion source. Domestic noncombustion source did not present in July, because its contribution
was very little. The industrial source of Beijing-Tianjin was no
longer the important source just as in July. But the industrial
source and the domestic combustion source were the main
contributors of external PM2.5 . The contribution ratios of
the domestic combustion source of Beijing-Tianjin, Shanxi,
Henan, and Shandong to Shijiazhuang and Xingtai were 1.0%
and 1.2%, 3.8% and 3.3%, 1.2% and 2.4%, and 1.3% and
2.1%, respectively. The contribution ratios of the industrial
source of Beijing-Tianjin, Shanxi, Henan, and Shandong to
Shijiazhuang and Xingtai were 1.2% and 1.4%, 7.0% and 5.5%,
1.0% and 1.9%, and 1.1 and 1.8%, respectively. The sources of
the other areas provided a few PM2.5 at a low amount; Shanxi
became the evident contributor of PM2.5 in the industrial
source and the domestic combustion source.
In brief, the industrial source was also the main contributor to Shijiazhuang and Xingtai in December. The domestic
combustion source exceeded the power plant source and
became the second top highest source. In addition, the
domestic noncombustions and the transport source both
increased slightly. All the variation of the contribution rate
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Figure 7: Contribution ratios of daily average PM2.5 concentration from sector sources of the surrounding areas to Xingtai in December
2007.

could be correlation with the emission and synoptic condition of the different month, especially synoptic condition
[15, 16].

4. Conclusions
This study estimated the sectoral contributions of the local
the regional sources to the PM2.5 concentration over Shijiazhuang and Xingtai cities, which might be the most polluted
cities over China. In summary, the industrial source and
power plant source from the local area are the most evident
contributors to PM2.5 in Shijiazhuang (38.3% and 18.5%)
and Xingtai (30.4% and 11.8%) in July 2007, followed by
the domestic combustion source (7.7% in both city) and the
traffic source (2.7% in Shijiazhuang and 2.2% in Xingtai). In
December 2007, the largest contributors were the industrial
source in Shijiazhuang (31.8%) and the domestic combustion
source in Xingtai (29.1%), followed by domestic combustion
source in Shijiazhuang (27.5%) and industrial source in
Xingtai (28.3%), then the power plant source (2.5%), the
traffic source (2.1%), and the domestic noncombustion source
(0.7%) in Shijiazhuang, and in Xingtai the traffic source,
domestic noncombustion source, and the power plant source
were 2.3%, 0.9%, and 0.5%, respectively. The power plant
source, held few contribution ratios in December compared

with that in July, and the traffic source always kept a stable
level in the two cities during July and December 2007.
As to the regional sources, the industrial source was the
major contributor for the average PM2.5 daily concentration
no matter what in Shijiazhuang and Xingtai in July 2012,
mainly from Beijing-Tianjin (20.3% and 19.1%), Shanxi (3.2%
and 2.7%), and Henan (3.7% and 7.5%), followed by power
plant and domestic combustion sources. The power plant
source also was a nonignorable external contributor along
with 17.5% to Shijiazhuang and 24.9% to Xingtai from the
power plant source of the four external regions. In December,
the major contributors were the domestic combustion source
and the industrial source of the external regions; for example,
Shanxi province was the biggest contributor in the domestic
source and the industrial source in December, the contribution ratio of combustion source and the industrial source of
Shanxi to Shijiazhuang was 3.8% and 7.0% and to Xingtai was
3.3% and 5.5%, respectively.
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This work describes a large reclaimed water source heat pump system (RWSHPS) and elaborates on the composition of the system
and its design principles. According to the characteristics of the reclaimed water and taking into account the initial investment, the
project is divided into two stages: the first stage adopts distributed heat pump heating system and the second adopts the combination
of centralized and decentralized systems. We analyze the heating capacity of the RWSHPS, when the phase II project is completed,
the system can provide hydronic heating water with the supply and return water temperature of 55∘ C/15∘ C and meet the hydronic
heating demand of 8 million square meters of residential buildings. We make a thermal economics analysis by using Thermal
Economics theory on RWSHPS and gas boiler system, it is known that the RWSHPS has more advantages, compared with the
gas boiler heating system; both its thermal efficiency and economic efficiency are relatively high. It provides a reference for future
applications of the RWSHPS.

1. Introduction
Nowadays, as we known that the energy input for building
operation is mainly constituted by fossil energy carriers,
therefore building operation is responsible for a large share
in global greenhouse gas emissions [1]. As the development
of urban construction, accelerates heating gap exists in many
cities in china. With the energy shortage and the requirement
of having a better environment and in order to decrease the
energy demand and the related emission, it is necessary for
us to develop and use renewable energy source in the urban
heating. Rosen [2] describes the methods of dealing with
global warming through the development and utilization
of nonfossil energy. Therefore, to improve the efficiency of
energy conversion, the reasonable use of renewable energy
has become an important research direction.
Reclaimed water, which is the sewage plant secondary
or tertiary effluent in this paper, has the advantages of the
concentrated water flow, high temperature (compared to
surface water), being relatively clean, and so forth, so it is
the ideal heat source for heat pump units. The wastewater

treatment plant is generally located in the edge of the city and
in recent years; the reality is that urban construction has been
extended within closer range from the wastewater treatment
plant, and the high cost of laying in the water distribution
network will no longer be the main problem of no largescale application in water source heat pump works. Taking
the Reclaimed water as the heat source of the urban hydronic
heating can achieve efficient recycling of urban sewage heat
energy, turning waste into treasure, which fully embodies the
concept of the development of recycling economy, greatly
improves the energy efficiency of the city, and reduces the
city’s dependence on the fossil fuel.
The project uses the city’s Reclaimed water, which is the
sewage plant secondary or tertiary effluent and contains a
large number of renewable energy, to develop the new energy
technologies and to complement the traditional district
heating gap. The RWSHPS use the heat pump technology to
extract the low grade energy of the renewable water, and then
provided them to many kinds of buildings nearby such as
residential areas, schools and industrial park for heating and
cooling.

2

2. System Design Options
2.1. The Project Phase I Uses the Distributed Heat Pump Heating System. According to the New User’s heating demand,
the heating area is 2.02 million square meters, subdivided
into 8 blocks; each block has a heat pump equipment
room. According to the actual situation of the communities
construction, heating demand is not consistent, even if it
is in the same community; the end user’s load rate also
varied, taking into account the projects initial investment
and rational use of water resources; the project phase I takes
the form of the distributed heat pump heating system; all
adopt the screw heat pump units; its exergy loss coefficient
decreases with decreasing loading rate [3]; it is suitable for
variable load state. In the project phase I, the 17∘ C Reclaimed
water directly provided by the competent network is sent to
the local heat pump equipment room as the heat source of
the heat pump, and then users are provided with hot water of
45/35∘ C. The system diagram is shown in Figure 2.
Adopting the distributed heat pump heating system
can realize large-scale district heating/cooling and also has
dispersed flexibility. It not only improved the efficiency of the
use of renewable energy but also filled the gap of local heating.
Centralized return water can be used in the village and the
city’s green irrigation, which will save water resources and
create additional profit for the enterprises.
2.2. The Second Phase of the Project Adopts Two-Stage Series
Heat Pump Units. Currently, the conventional single-stage
heat pump [4] can only provide hot water of about 50∘ C but
is also limited by the temperature of heat-source water; when

January 17–February 17, 2012, the effluent temperature
of the reclaimed water 2012

Temperature (∘ C)

The sewage plant covers an area of 540 acres with the
designed treatment capacity of 700,000 tons and nowadays
the daily output reaches 500,000 tons of Reclaimed water;
it is currently one of the largest sewage treatment plant in
china. The waste water generally comes from urban sewage
and industrial wastewater in the east of Beijing-Guangzhou
line. The temperature of the effluent is 22 ∼ 27∘ C in summer
and 14 ∼ 19∘ C in winter. The average effluent available flow is
25000 t/h, and the available temperature lift or drop is about
10∘ C. The hot and cold medium for heating and cooling is the
effluent of the wastewater treatment plant; it will be delivered
to each consumer through the distribution network laying in
project of phase I. Intake point of water catchment is located
on the tertiary treatment outlet pipe which will extend to
the Minxin River, so the water supply has high quality with
no secondary pollution. Now the quality of tertiary effluent
water reaches level 1-A of sewage treatment plant emissions
standards; it is close to clean water. Water hardness and metal
salt content are relatively small; the PH value is 6–9, relatively
moderate. So the corrosion of the Reclaimed water to the heat
pump unit is very small. It can be directly taken into the unit
heat exchanger.
As shown in Figure 1, the average water temperature of
the water effluent of the coldest month in the winter was 1718∘ C, using Hong Chang HC2102R, paperless recorder with
pt100 thermal resistance probe continuous data collection.
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Figure 1: Water outlet temperature in the winter of 2012, January
17–February 17.

the heat source water temperature is reduced, the pressure
ratio of the compressor is increased, the gas transmission
coefficient is reduced, so that the degree of which compression cycle process deviated from the isentropic process
increases, the heat of cycle declines, the power consumption
is increased, and the performance of the system decreases
rapidly. Based on the theory of heat pump, some experts and
scholars concluded a double-stage coupling heat pump heating system (DSCHP) which is suitable with characteristics of
cold regions [5]. Two sets of single-stage heat pump system
was integrated in the system by water circulation line and
coupled together to form a suitable heat pump heating system
for cold regions.
In order to meet the needs of 8 million square meters
of building heating, the capacity of heat pump units is very
big; however, the cost of conventional two-stage compression
type high temperature heat pump unit with large capacity
is higher; if we choose the multilevel compression high
temperature water source heat pump units will lead to further
increases in initial investment, so this paper uses the coupling
system of the main heat pump station and local heat pump
station. There are two-stage series heating units both in the
main heating station and local heat pump room. The project
phase II system can realize heating with large temperature
difference at the same time reducing the initial investment.
The project phase II system has three main components,
that is, to the main pump station, a distributed power system,
and user side heat exchange station. The second stage heat
pump system schematic diagram is shown in Figure 3.
As shown in Figure 3, due to the community’s construction scheduling in the second phase project, the 10∘ C
temperature difference between supply water and return
water mentioned before already cannot meet the heating
requirements [6], so we will build the main heat pump plant
in the second phase of the project, and it still uses the
renovated water pipe network which is constructed in the
first phase project to distribute the Reclaimed water. The
second phase of the main heat pump plant is located 200 m
to the north of the wastewater treatment plant and takes
the form of concentration and indirect system. The sewage
plant effluent will be led into large centrifugal pump units
through 4 DN1200 steel pipe; the biggest water inflow is
the biggest effluent of the wastewater treatment plant, about
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Figure 2: Schematic diagram of phase I project of heat pump system.

20833 t/h. The main electric heat pump plant will be built in
the Qiaodong sewage treatment plant on the north side, using
the tertiary effluent of the sewage treatment plant for cooling
in summer and heating in winter.
Under the condition of heating, the main heat pump
plant adopts the mode of two-stage heating. In the first
stage, with the heat absorbed from the Reclaimed water, the
centrifugal pump units heats the return water in middle loop
to 35∘ C from 15∘ C and then the water of 35∘ C goes into the
second stage of screw heat pump units in series connection,
exchanging heat with another branch of the Reclaimed water
and the latter will be heated from 35∘ C to 55∘ C. The main heat
pump station can achieve total temperature rise of 40∘ C. We
only run the first stage centrifugal heat pump units at part
load heating season.
In order to make full use of the large temperature
difference of heat source which the main supply network
provides, the decentralized local heat pump room also takes
the form of two-stage exchanging heat, the 55∘ C hot water
flow into the plate heat exchanger first and the release of
heat quantity to the hot water of the user side. It will provide
users with 45∘ C hot water. 35∘ C backwater of the plate heat
exchanger series goes into the evaporator of the heat pump
units and releases heat quantity for the second time; the
temperature of medium water reduces from 35∘ C to 15∘ C. The
temperature of water supply in the side of heat consumer is
45∘ C, return 30∘ C.

3. Analysis and Discussion
3.1. The Heating Capacity of the Project. The sewage flow
of the Qiaodong sewage treatment plant is about 600,000

tons per day; namely, the effluent can reach 25000 t/h. The
effluent temperature is at an average of 17∘ C in winter, and
it can reduce to 7∘ C after the release of heat. The diameter
of the main supply and return water pipe in phase I of the
project is DN1000, and the designing flow rate is 2.5 m/s; the
heat pump units of the heating coefficient of COPℎ take 4.0
provisionally supply/return water temperature of 17∘ C/7∘ C.
As the new buildings are energy saving buildings, so we take
the 40 W/m2 as the average heating load index of Shijiazhuang
region. The heating capacity is limited by the pipe network
transmission capacity. Computation formula [7] is as follows:
𝑄 = 𝑄 + 𝑊,
𝑄
= 4.0,
𝑊
𝑐𝑀Δ𝑡
,
𝑄 =
3.6

COP =

(1)

𝑀 = 3600𝜋𝑅2 V ⋅ 𝜌water ,
where 𝑐 is the water specific heat capacity, taking
4.187 kJ/(kg⋅∘ C); 𝑀 is the mass flow, with the unit being
kg/s, project phase I the main transport capacity; Δ𝑡 is the
temperature difference between supply and return water; 𝑄
is the heat quantity extracted from the tertiary treatment
effluent; 𝑄 is the total heat quantity to heat consumer; 𝑊
is the input power of heat pump unit; 𝑅 is the radius of the
main supply and return water pipe and is 0.5 m; V is the
designing flow rate of the Reclaimed water in the main pipe
and is 2.5 m/s.
After calculation, it can be concluded that directly using
the effluent water to extract 10∘ C temperature difference can
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Figure 3: Schematic diagram of phase II project of heat pump system.

meet heating of 2.7 million square meters, and it can cover the
heating needs of project phase I of 2 million square meters.
Upon the completion of the second phase system, it can
provide high temperature heating water, and the supply and
backwater temperature is 55/15∘ C, with temperature lift of
40∘ C. If the flow rate is still 7065 t/h, taking into account the
1% of heat loss, it still can meet the heating area of 8.1 million
square meters needed for 325 MW heat load.
3.2. Thermoeconomics Modeling and Analysis of the Heating Systems. Taking the traditional analysis or evaluation
method such as exergy analysis method and energy analysis
method to evaluate energy conversion system, it just stood
in the angle of the thermodynamics perfect degree of the
system, without taking into account the cost of the economic
factors along with the high efficiency; thus it is unable to

comprehensively evaluate the advantages and disadvantages
of the energy conversion systems.
Dincer [8] puts forward the concept of “exergy cost,”
integrates the two methods of energy system evaluation,
which are economic cost analysis and thermodynamic exergy
analysis, and creates the concept of thermoeconomics in
terms of energy system evaluation. Through combining the
cash balance equations and the structure of the system, we
will use the principle of grey box to establish the thermal
economics model for the RWSHPS and gas boiler heating
system.
3.2.1. Thermoeconomics Modeling of Distributed Heat Pump
Systems in Project Phase I. The entire system can be seen as a
big gray box; there are three subsystems in the gray box, which
contains the main circulating pump 𝑃0 , distributed pump 𝑃𝑖𝑗 ,
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and local heat pump units HP𝑖𝑗 ; because the pipe network
and indoor heating form of the user side are the same, so
we do not consider the side of the user’s part. The thermal
economics model of project phase I is as shown in Figure 4.
The overall cash balance equations and the corresponding
exergy balance equation of the project phase I are as follows:
𝑐0 Ex0 + 𝑐𝑒 Ex𝑃0 + 𝑍𝑎0
{
}
+ ∑ {∑𝑐𝑒 Ex𝑃𝑖𝑗 + ∑𝑐𝑒 ExHP𝑖𝑗 + 𝑐ℎ𝑖 Exℎ𝑖 + 𝑐𝑒 Ex𝑂𝑖 + 𝑍𝑎𝑖 }
𝑖
𝑗
{𝑗
}
= ∑𝑐𝑖 Ex𝑖

(𝑖 = 1, 2, . . . , 8) ,

𝑖

(2)
{
}
Ex0 + Ex𝑃0 + ∑ {∑Ex𝑃𝑖𝑗 + ∑ExHP𝑖𝑗 + Ex𝑂𝑖 + Exℎ𝑖 }
𝑖
𝑗
{𝑗
}

(3)

𝑖

The heat source of the Reclaimed water source heat pump
can be seen as the steady-state steady-flow process in the
actual project, with the working fluid dynamic potential
energy relative to the enthalpy being often negligible, so the
specific enthalpy exergy of the water entering in the system
is:
(4)

Exergy and exergy efficiency of the system is the ratio of
income and payment of exergy, so the calculation formula of
exergy efficiency 𝜀Π of the distributed heat pump system is as
follows:
𝜀Π =

𝑐20 Ex20 + 𝑐𝑒 Ex2𝑍 + 𝑍𝑎2𝑝
+ 27 (𝑐𝑒 Ex2𝑓 + 𝑐2ℎ𝑖 Ex2ℎ𝑖 + 𝑍𝑎2𝑖 ) = 27𝑐2𝑖 Ex2𝑖 ,

(6)

Ex20 + Ex2𝑍 + 27 (Ex2𝑓 + Ex2ℎ𝑖 ) − ∑ Ex2dest = 27Ex2𝑖 .
The calculation formula of exergy efficiency 𝜀2Π of the project
phase II system is as follows:

− ∑ Exdest = ∑Ex𝑖 .

𝑒𝑥0 = (ℎ − ℎ0 ) − 𝑇0 (𝑠 − 𝑠0 ) .

3.2.2. Thermoeconomics Analysis of Heat Pump System in
Project Phase II. The heating demand ultimately will reach
8 million square meters; because all user’s heating load is not
sure now, we suppose that the entire heating area (planning) is
divided into 27 cells, each of 300,000 square meters. We have
established the thermoeconomics analysis model for project
phase II, as shown in Figure 5.
The cash balance equation and the corresponding exergy
balance equation of project phase II are

∑𝑖 Ex𝑖

,
Ex0 + Ex𝑃0 + ∑𝑖 (Ex𝑂𝑖 + Exℎ𝑖 ) + ∑𝑖,𝑗 (Ex𝑃𝑖𝑗 + ExHP𝑖𝑗 )
(5)

where 𝑒𝑥0 is the specific enthalpy exergy of the Reclaimed
water entered into the system, kJ/kg and H is the specific
enthalpy of Reclaimed water. When Reclaimed water temperature is at 17∘ C, its specific enthalpy is 71.32 kJ/kg; when it is
45∘ C, it is equal to 188.42 kJ/kg; the backwater 35∘ C, equal
to146.59 kJ/kg. ℎ0 is the specific enthalpy of the reference
state, −0.05 kJ/kg; 𝑇0 is the temperature of the reference state
and is 273 k; 𝑠 is the specific entropy of Reclaimed water.
When it is 17∘ C, its specific entropy is 0.2533 kJ/(kg⋅K); when
it is 45∘ C, its entropy is 0.6386 kJ/(kg⋅K); and when it is 35∘ C,
its entropy is 0.505 kJ/(kg⋅K). 𝑠0 is the specific entropy of the
reference state, −0.0002 kJ/(kg⋅K); HP𝑖𝑗 is the heat pump unit,
that is, the heat pump unit 𝑗 in the 𝑖th local heat pump room;
Ex0 is the heat exergy input to the system along with the
Reclaimed water, kW; C0 is the unit heat exergy cost of input,
yuan/kW.
Taking the known data above into (3), (4), and (5), and
we can get that the exergy efficiency of the distributed heat
pump heating system in project phase I is 66.2%.

𝜀2Π =

27Ex2𝑖
Ex20 + Ex2𝑍 + 27 (Ex2𝑓 + Ex2ℎ𝑖 )

× 100%.

(7)

After calculation, we can get that 𝜀2Π is 60.6%.
3.2.3. Thermoeconomics Model of Gas Boiler Heating System.
The fuel of the gas boiler system is mainly natural gas. In
the combustion process, natural gas and oxygen are mixed
thoroughly, so the combustion is sufficient, containing a
small amount of dust in the flue gas emissions and almost
no nitrogen oxide and sulfide. Natural gas belongs to clean
energy, so using gas boiler for heating is friendly to our
environment. The Shijiazhuang government makes some
policies and regulations [9] against atmospheric pollution
and the environmental improvement, which pointed out that
the city’s distributed coal-fired boilers must be dismantle or
transformed in the time of one year; central heating cannot
meet the new district heating can be used in addition to the
water source heat pump centralized heating can also choose
other than gas-fired boiler system. The gas boiler system can
be selected for the newly built residential area as a heating
mode when urban centralized heat supply cannot meet the
needs.
In accordance with the principles of the black box, taking
the gas boiler system in one district as a whole system,
tracking the energy flow and cash flow of the system, the
thermoeconomics model of the gas boiler heating system
is shown in Figure 6, where 𝑐𝑔0 is the unit heat exergy
cost of input natural gas, yuan/kW; Ex𝑔0 is the input heat
exergy flow of the system, kW; Ex𝑒𝑖 is the gas boiler system
(including boiler and boiler auxiliary equipment such as fans
and pumps) input exergy flow electric, kW; 𝑐𝑒 is the electric
unit price, yuan/(kW⋅h); Z𝑖 is the annual cost of the 𝑖th gas
boiler heating room, yuan; Ex𝑔𝑖 is the output heat exergy
flows of the gas-fired boiler system, kW; Exℎ𝑔𝑖 is the heat
exergy flows input into the gas boiler system along with the
backwater, kW; 𝑐ℎ𝑔𝑖 is the unit cost of the input heat exergy
along with the backwater of the 𝑖th gas boiler room system,
yuan/kW; 𝑐𝑔𝑖 is the unit cost of the output heat exergy of the
gas boiler system, yuan/kW.
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Figure 4: The thermal economics model of distributed heating pump system.
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Figure 6: The thermoeconomics model of the gas boiler heating
system.

Ex𝑔0 =

𝑇𝑔0
𝐵1
) ⋅ 𝑄ar⋅net ,
(1 −
3600
𝑇𝑔

𝜂𝑔 Π =
The cash balance equation and the corresponding exergy
balance equation of the gas boiler system are
𝑐𝑔0 Ex𝑔0 + 𝑐𝑒 Ex𝑒𝑖 + 𝑍𝑖 = 𝑐𝑔𝑖 Ex𝑔𝑖 ,

(8a)

Ex𝑔0 + Ex𝑒𝑖 + Exℎ𝑔𝑖 − Ex𝑔dest = Ex𝑔𝑖 .

(8b)

The heat load of 300,000 square meters of residential
district is 12 MW; we can configure two 7 MW gas boiler

𝑄1
× 1.02,
𝜂Ι ⋅ 𝑄ar⋅net

Ex𝑔𝑖
Ex𝑔0 + Ex𝑒𝑖

(9)

× 100%,

where 𝐵1 is the gas consumption of the boiler system, m3 /h;
𝜂Ι is the thermal efficiency of the gas boiler, which is 88%
when the capacity of the gas boiler is more than 7 MW; 𝑄ar⋅net
is the low calorific value of the gas, 35530 kJ/m3 ; 1.02 is the
additional coefficient of the hot water heat loss through the
heat exchanger station; 𝑇𝑔0 is the exhaust gas temperature,
298 K; 𝑇𝑔 is the combustion temperature, 573 K.
After calculation, we can get the exergy efficiency of the
gas boiler system 𝜀𝑔Π being 43.9%.
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Table 1: Energy costs of RWSHPS.

Engineering phase
Project phase I
Project phase II

Electrical load (kW)

Power consumption
(kWh/a heating season)

Energy cost in a
heating season
(ten thousand yuan)

Unit energy costs
(yuan/m2 ⋅a heating season)

20340
100718

42 430 752
203 047 488

2206
10559

10.9
13.2

Table 2: Nonenergy costs of RWSHPS.
Investment cost
Engineering phase Heat pump room (ten
thousand yuan)
Project phase I
Project phase II

5526
31227

pipeline network
(ten thousand yuan)
5278
5278

Management costs
Circulation pump
station
(ten thousand yuan)

Annualized cost

(Ten thousand yuan) (Ten thousand yuan)
186
805

540

1082
3235

3.3. Annual Heating Cost Analysis of RWSHPS. The output
exergy costs [11] of energy conversion system are composed
of the cost of energy and nonenergy costs. The heat exergy
and electricity exergy are energy costs, but the annual cost of
the system is nonenergy cost. The total cost of the system is
the sum of energy cost and nonenergy costs:

(1) The lifetime of the equipment in the system is 20 years;
the salvage value of the heat pump units, pumps,
and other equipment (SV1) accounts for 10% of the
initial investment in the system; and the salvage value
of the transmission and distribution network (SV2)
accounts for 50% of its initial investment.

𝐶pr = 𝐶En + 𝑍𝑎 .

(2) Annual interest rate 𝑖 is equal to 5%; the cash coefficient PWF (𝑖, 𝑛) and the capital recovery coefficient
CRF (𝑖, 𝑛) are

(10)

Thermoeconomics cost includes not only the external
energy exergy cost but also the cost of investment and
operation management costs in the process of production;
it reflects the economic efficiency of the process of the
production.
3.3.1. Energy Cost of the RWSHPS. System operating costs
mainly include the electricity cost of each part; water charges
within the secondary network are not considered here. There
are several known conditions on the energy cost calculation.
(1) In Shijiazhuang, one heating season contains 120
days, from 15 November to 15 March, According to
running experience, in the period of 15 November to
15 December and 15 February to 15 March, the loading
rate of the system is 0.5, and in the last two months
of the heating period, one is at full capacity, and the
loading rate of the rest of the month is 0.8.
(2) The project belongs to the livelihood projects; the
Reclaimed water entering into the system is free of
charge; namely, the cost of logistics exergy c0 entered
into the system is equal to 0.
(3) The electricity price is 0.52 yuan/(kWh), calculated in
accordance with the public electricity prices; the data
are listed in Table 1.
3.3.2. Nonenergy Cost of the RWSHPS. Annualized cost
includes the investment costs and management costs of the
system. We need to consider the time value of the capital, such
as the salvage value of the system and the annual operation
and management fees. The calculation of the nonenergy costs
follows some known conditions.

PWF (𝑖, 𝑛) = (1 + 𝑖)−𝑛 = 1.05−20 = 0.38,
CRF (𝑖, 𝑛) =

𝑖
0.05
= 0.08.
−𝑛 =
1 − 0.38
1 − (1 + 𝑖)

(11)

The annualized cost 𝑍𝑖 is calculated by
𝑍𝑖 = { [𝐶0 − 𝑆V × PWF (𝑖, 𝑛)]
𝑛

(12)

+∑𝐹𝑚 × PWF (𝑖, 𝑛)} × CRF (𝑖, 𝑛) ,
𝑚

where 𝐶0 is the initial investment, yuan; 𝐹𝑚 is the operation
and management fees in the year of 𝑚, yuan. The nonenergy
cost calculations of the RWSHPS are shown in Table 2.
3.4. Heating Costs of the Gas Boiler System
3.4.1. The Energy Cost of the Gas Boiler System. The gas boiler
heating system mentioned before is designed for a residential
quarters of 300,000 m2 ; its energy consumption is listed in
Table 3.
3.4.2. Nonenergy Cost of the Gas Boiler System. The calculation of the nonenergy costs of the gas boiler heating system
is the same as the RWSHPS, which also includes annualized
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Table 3: The energy cost of the gas boiler system.
Quantity

Unit price (yuan)

Total
(ten thousand
yuan)

2.4

705

0.8

26

2.4

5.8

2937312
(m3 /a heating season)
324576
Auxiliary power consumption
(kW/a heating
season)
24192
Water consumption
(m3 /a heating season)

Fuel consumption

Total energy costs
(ten thousand yuan/a
heating season)

Unit energy costs
(yuan/m2 ⋅a heating
season)

737

24.6

Table 4: Comparison of the two heating methods.
Heating scheme

Heating area (104 m2 )

Initial
investment cost
(104 yuan)

heating cost
(yuan/m2 ⋅a heating
season)

Unit energy costs
(yuan/m2 ⋅a heating
season)

Exergy efficiency (%)

200
800
800

11344
36505
10800

16.3
17.2
26.7

10.9
13.2
24.6

66.2
60.6
43.9

RWSHPS
Gas boiler system

cost of the initial investment and the annualized cost of the
operation and management fees in its lifetime:

After calculation, we can get the total cost of the gas boiler
plant:
𝐶𝑔0 = 208 + 145.6 + 46.2 = 400 (104 yuan) ,

𝑍𝑔 = 𝜆 𝑔𝑋 + 𝜆 𝑔𝑌 ,

𝑃𝑔 = [400 − 40 × 0.38] + 20 × 54.24 × 0.38

𝑃𝑔 = [𝐶𝑔0 − 𝑆𝑔V × PWF (𝑖, 𝑛)]
𝑛

+ ∑𝐹𝑔𝑚 × PWF (𝑖, 𝑛) ,

= 797 (104 yuan) ,

(13)

𝑍𝑔1 = 𝑃𝑔 × 0.08 = 797 × 0.08 = 64 (104 yuan) .

𝑚

The heating costs of gas boiler plant in a heating season

𝑍𝑔1 = 𝑃𝑔 × CRF (𝑖, 𝑛) .

are

The initial investment of the entire gas boiler heating system
is
𝐶𝑔0 = 𝐶𝑔1 + 𝐶𝑔2 + 𝐶𝑔3 ,

(14)

where 𝐶𝑔0 is the total cost of the gas boiler plant (104 yuan)
and
𝐶𝑔1 is the equipment costs of gas boiler plant [12]:
𝐶𝑔1 = 16.8𝑄1 = 16.8 × 12.4 = 208 (104 yuan) .

(15)

𝐶𝑔2 is the based on the actual experience; gas boiler room
installation costs accounted for 70% of the equipment costs:
𝐶𝑔2 = 0.7𝐶𝑔1 = 0.7 × 208 = 145.6 (104 yuan) .

(16)

𝐶𝑔3 is the civil engineering costs of the gas boiler room:
𝐶𝑔3 = 0.13𝐴 = 0.13 × 355 = 46.2 (104 yuan) .

(18)

(17)

𝐶𝑔pr = 𝐶𝑔En + 𝑍𝑔1 = 737 + 64 = 801 (104 yuan) .

(19)

Unit heating cost is 26.7 yuan.
3.5. The Comparison of the Two Heating Methods. Through
the analysis and calculation above, some parameters of the
two different heating methods are listed in Table 4.

4. Conclusions
We take the exergy analysis method and the thermoeconomic
cost analysis method as the theoretical basis of this paper,
using the method of theoretical analysis to qualitatively
describe that it is reasonable for us to use heat pump systems
for district heating, giving the calculation method of energy,
efficiency and exergy efficiency. Analysis pointed out that
only taking into account these two methods can get a more
comprehensive evaluation on energy conversion system. The
aspects of heating costs, energy, and exergy efficiency, and so
forth were compared. Through research, this paper obtained
the following conclusions.
(1) This work describes a large Reclaimed water source
heat pump system (RWSHP) and elaborates on the composition of the system and its design principles, designing a
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Reclaimed water source heat pump system which will match
the heating needs of 8 million square meters. According
to the characteristics of the Reclaimed water and save the
initial investment, the project is divided into two stages:
the first stage adopts distributed heat pump heating system
and the second adopts the combination of centralized and
decentralized systems.
(2) After thermodynamic analysis of the two heating
methods, we can see that the exergy efficiency of the RWSHPS
is relatively high, being, respectively, 66.2% and 60.6% of the
project phase I and II, while gas boiler system is 43.9%. In
terms of energy consumption costs, the energy costs of the
gas boiler system are twice as much as RWSHPS. On the one
hand, there is a relatively large exergy loss in the process of
gas combustion in the gas boiler, and the temperature of the
smoke leaving system is up to 180∘ C. On the other hand, it
takes away a lot of useful energy, resulting in a larger amount
of energy loss due to a higher unit price of natural gas. On
the contrary, the Reclaimed water is the heat source of the
RWSHPS, which belongs to the waste recovery and reuse, so
the running costs of the RWSHPS are relatively low.
(3) By the analysis of the two systems using the cost
theory of thermoeconomics, it is shown that the initial
investment of the RWSHPS is more than three times of
that of the gas boiler plant system. Because of that the
RWSHPS includes the construction costs of transmission and
distribution network. This part of investment can be offset
by charging the pipeline network construction fees to users.
The heating cost of project phase I of the RWSHPS is 16.3
(yuan/m2 ⋅heating season); the heating cost of project phase II
is 17.2 (yuan/m2 ⋅heating season), while that of the gas boiler
system is 26.7 (yuan/m2 ⋅heating season). The unit heating
cost of the RWSHPS is less than that of the gas boiler heating
system by about 10 yuan. So it can be seen that the RWSHPS
can be implemented widely. There is a greater potential for
profit. This paper also provides a reference for future run
enterprises.
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The flow-field characteristics of high-temperature annular buoyant jets as well as the development laws influenced by ventilation
system were studied using numerical methods to eliminate the pollutants effectively in this paper. The development laws of
high-temperature annular buoyant jets were analyzed and compared with previous studies, including radial velocity distribution,
axial velocity and temperature decay, reattachment position, cross-section diameter, volumetric flow rate, and velocity field
characteristics with different pressures at the exhaust hood inlet. The results showed that when the ratio of outer diameter to inner
diameter of the annulus was smaller than 5/2, the flow-field characteristics had significant difference compared to circular buoyant
jets with the same outer diameter. For similar diameter ratios, reattachment in this paper occurred further downstream in contrast
to previous study. Besides, the development laws of volumetric flow rate and cross-section diameter were given with different initial
parameters. In addition, through analyzing air distribution characteristics under the coupling effect of high-temperature annular
buoyant jets and ventilation system, it could be found that the position where maximum axial velocity occurred was changing
gradually when the pressure at the exhaust hood inlet changed from 0 Pa to −5 Pa.

1. Introduction
Inside the industrial buildings, most of production technologies cannot completely prevent noxious substances from
sending out to the air. High-temperature heat source induced
annular buoyant jets in large space widely exists in the iron
and steel, coking, and machinery industries. For examples,
it may be produced by pouring molten iron into filling tank
in blast furnace plant or dumping steel slag in deslagging
plant. During the process of dumping high-temperature
materials, strong shear force may be produced under impact
and squeezing action. Induced by the shear airflow and
high-temperature heat source, the shear force makes the
dusty airflow generate a strong annular buoyant jet upward.
Although the annular buoyant jet shows similar law to
that of circular buoyant jet when developed at a certain
stage, significant differences still exist between them in space
relevant to industrial production.

Earlier studies on annular jets included the work of
Maki and Yabe [1] and Maki and Ito [2]. Maki and Yabe
[1] performed experiments on annular turbulent jets. They
observed that reverse stagnation point might occur mainly
depending upon the jet height in the flow field. While, some
works on liquid annular jet were reported by Ramos [3, 4],
extensive studies on annular air jets were conducted using
theoretical analysis and experiments. Aly and Rashed [5]
experimentally studied mean velocity and turbulence intensities of an annular jet of small width issuing into stagnant
surroundings. Warda et al. [6] investigated the near-field
region characteristics of free turbulent circular central and
annular jets using Laser Doppler Anemometry. Furthermore,
Kitmura and Sumita [7] reported the results of laboratory
experiments on a turbulent plume; a simplified model to
study how the shape of the plume changes as a function of
time. At the same time, the flow-field characteristics of
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annular buoyant jets received great attention from computational fluid dynamics (CFD). Mollendorf and Gebhart [8]
adopted numerical solution to analyze the effect of a small
amount of thermal buoyancy on the velocity and temperature
fields of a circular, laminar, and vertical jet. In addition, Chen
and Nikitopoulos [9] used a differential model to investigate
the near-field characteristics of buoyant jets discharging
into a stagnant uniform environment. And then the k-e
model of turbulence was used for calculating dynamical and
thermal fields in plane turbulent vertical jets in a uniform
stagnant environment [10]. Numerical investigations were
also performed to predict heat transfer characteristics of
laminar annular jets impinging on a surface [11]. As indicated
by Shuja et al. [12], annular jet impingement onto a conical
cavity and heat transfer rates from the cavity surfaces were
examined for various jet velocities, two outer angles of the
annular nozzle, and two cavity depths. Afterwards, El-Amin
et al. [13] studied the problem of low-density gas jet injected
into high-density ambient numerically which was important
and common in practical applications. Through comparison
and analyses, the following conclusions could be drawn. The
flow-field characteristics of annular buoyant jets under some
typical working conditions could be revealed by conducting
experiment, but the experiment could not describe accurately
the specific changes of flow-field under different working
conditions; therefore, the application condition was limited.
The practical technologies in industrial production were
of great difference, and the flow-field characteristics might
vary under different working conditions. Almost all of the
previous researchers analyzed the characteristics of annular jets using experiment methods or numerical methods.
Some focused on the isothermal annular jets designed in
laboratory, and some focused on the airflow characteristics
themselves. In practical situations, the ventilation system has
great impacts on the flow-field characteristics of annular
jets associated with great initial buoyancy fluxes. However,
related studies are pretty lacking and only suitable for the
particular conditions in the open literatures. In order to
improve the control efficiency of exhaust hood in the treatment of industrial pollutants under different technological
conditions, the flow-field characteristics of high-temperature
annular buoyant jets as well as the development laws influenced by ventilation system were studied using numerical
methods in this paper.
The inner diameter of the annular buoyant jets which
simplified the high-temperature materials dumping process
in practical industrial production was related to the area of
dumped materials. Initial velocity of the buoyant jets was
directly determined by the materials dumping velocity, and
variety of dumped materials determined the initial temperature of the annular buoyant jets. Having a good knowledge
of the flow-field characteristic under the coupling effect
of high-temperature annular buoyant jets and ventilation
system was beneficial to eliminate the pollutants effectively.
Therefore, the influences of the width of the high-temperature
annular buoyant jets, initial parameters, and the pressure at
the exhaust hood inlet on flow-field characteristics of hightemperature annular buoyant jets were studied in this paper.
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2. Materials and Methods
The computational fluid dynamics (CFD) software Fluent was
used in this paper to work out the governing equations in
order to study the flow characteristics of high-temperature
annular buoyant jets and the air distribution characteristics under the coupling effect of high-temperature annular
buoyant jets and ventilation system under different industrial
working conditions.
2.1. Airflow Model. The airflow-field was modelled by solving
the Navier-Stokes equations based on the finite volume
method. Turbulence models were also needed to assess the
effects of turbulence on momentum and heat transfer. Historically, there have been numerous efforts to establish
turbulence models for various applications. The k-e type
two-equation turbulence models were computationally more
efficient and stable than complicated Reynolds stress models.
This paper used Realizable k-e turbulence model combined
with the standard wall function to simulate the threedimensional airflow field. The realizable k-e model was
similar in form to the standard k-e model but included several
refinements, which made it more accurate and reliable for
a wider class of flows than the standard k-e model [14].
Viscous heating and full buoyancy effect were all adopted to
obtain accurate results for high-temperature annular buoyant
jets. Incompressible-ideal-gas law was adopted to reflect the
change of air density to temperature in the momentum
equations. The convection and diffusion terms in the NavierStokes equations for all variables except for pressure were
discretized by second-order upwind scheme. The pressure
term was discretized by Pressure Staggering Option Scheme.
The Semi-Implicit Method for Pressure-Linked Equations
(SIMPLE) algorithm was used to couple the pressure and
velocity variables. The simulations were carried out with
commercially available CFD code FLUENT 6.3.
2.2. Computational Domain and Boundary Conditions. Based
on parameters of experimental conditions from Sha [13], the
verification model was established to verify the reliability
of the numerical simulation model. The geometry of the
simulated chamber with high-temperature annular buoyant
jets was shown in Figure 1. Its dimension was 5 m (length) ×
5 m (width) × 5 m (height). The origin of the coordinate
system was also marked in Figure 1. The size of the left
window was the same as the right, 5 m × 1 m. The inner
diameter of the annular, 𝐷𝑖 , was 0.3 m. The outer diameter
of the annular, 𝐷𝑜 , was 0.5 m. And its height was 0.2 m. The
objects and corresponding sizes mentioned previously were
referred to as the basic model in this study. To compare
simulation results with the experimental data [15], the initial
velocity, 𝑈0 , assumed to be uniform was set as 1.2 m/s, and
the initial temperature, 𝑡0 , assumed to be constant was set as
95∘ C.
Tetrahedral mesh elements with the first grid at 20 mm
away from the annular were generated in the region of the
chamber. Grid size was increasing gradually at a ratio of
1.05, and the maximum was 200 mm. Based on the gridindependence test, 1042459 tetrahedral mesh elements using
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Figure 1: Configuration of the simulated chamber.

GAMBIT mesh tool generated in the computational domain
were sufficiently fine to find out the flow-field characteristics.
The boundary condition of the window was “pressure outlet.”
The walls of the chamber were assumed to be hydraulic
smooth and thermal isolation. Taking the experimental
conditions into consideration, the turbulence intensity was
set as 20%.
2.3. Simulation Validation. The model adopted in this paper
was a simplified model for experiment, and the boundary
conditions of numerical simulation were arranged as ideal
conditions; therefore, there were some differences between
the set conditions and the practical physical conditions. 𝑈
was the axial velocity across the jet, m/s; 𝑈max was the
maximum axial velocity, m/s. Defining a nondimensional
jet temperature decay ratio (𝑡 − 𝑡𝑒 )/(𝑡max − 𝑡𝑒 ), where 𝑡 was
the axial temperature across the jet, ∘ C; 𝑡max was the maximum axial temperature, ∘ C; 𝑡𝑒 was the environment temperature, namely, room temperature, ∘ C, and by comparing
the experimental data of Sha [13] with numerical simulation
results of this paper, it could be found that the maximum
error of axial velocities between the simulation results and
the experimental data was 11.12% and the minimum error
was 0.11%, whereas the maximum error of axial temperature
between them was 26.60% and the minimum error was 2.11%.
The validation of the numerical results for high-temperature
annular buoyant jets was provided by the comparison with
experimental data of Sha [13] in Figure 2.

3. Results and Discussion
3.1. Influence of Width of High-Temperature Annular Buoyant
Jets. In the practical production technologies, the inner
diameters of heat sources were different, which had an effect
on the flow field of high-temperature annular buoyant jets.
Five working conditions were selected in this paper for
numerical simulation analysis. In these conditions, only the
width of the high-temperature annular buoyant jets was
different from each other. The initial velocity was set as
1.2 m/s, the initial temperature was set as 95∘ C, and both of
them remained constant. The five annular heat sources with
different dimensions were set as follows: 𝐷0 = 0.50 m 𝐷𝑖 =
0.40 m, 𝐷0 = 0.50 m 𝐷𝑖 = 0.30 m, 𝐷0 = 0.50 m 𝐷𝑖 = 0.20 m,
𝐷0 = 0.50 m 𝐷𝑖 = 0.10 m, and 𝐷0 = 0.50 m 𝐷𝑖 = 0 m
(namely, circular jet). The flow-field characteristics of hightemperature annular buoyant jets with different jet widths
were analyzed and discussed as given afterwards.
3.1.1. Radial Velocity Distribution of Four Annular Jet Widths.
Two peak velocities occurred in the process of hightemperature annular buoyant jets development. The middle
peak velocity (seen in Figure 3) was mainly caused by
the vortex with buoyant jets at the sides expanding to the
center, while peak velocities at the sides were the common
characteristics of the buoyant jets; namely, the axial velocity of buoyant jets reached the maximum gradually when
acceleration action due to buoyancy and velocity decay due
to entrainment were in equilibrium. The velocities of three
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Figure 4: Axial velocity decay of different annular jet widths.

cross-sections, namely, 𝑍 = 0.28 m, 𝑍 = 0.52 m, and
𝑍 = 0.76 m, were selected to reflect the differences of radial
velocities distribution of cross-sections with different widths
of high-temperature annular buoyant jets, as shown in Figure 3(a).
It could be seen from Figure 3(a) that the middle peak
velocity gradually decreased and disappeared eventually with
the increase of width of high-temperature annular buoyant jets. When the outer diameter and inner diameter of
the annulus were 0.5 m and 0.4 m, respectively, the vortex
strength was relatively intensive and gave rise to high velocity
because of the small jet width and the sudden area contraction. When the outer diameter and inner diameter of
the annulus were 0.5 m and 0.1 m, respectively, the hightemperature annular buoyant jets expanded gently to the
center from both sides and induced small vortex disturbance;
therefore, the peak velocity due to the vortex was relatively
small. Taking annulus with 0.5 m of outer diameter and 0.3 m
of inner diameter, for example, the development of radial
velocity was shown in Figure 3(b). It showed that, for a
jet from an annular slot, the annular flow merged towards
the axis of the annulus forming a velocity profile further
downstream similar to that for a circular jet.
3.1.2. Axial Velocity and Temperature Decay of Different
Annular Jet Widths. According to Ko and Chan [16], the
flow pattern could be divided into three zones, an initial
merging zone, an intermediate zone, and a fully developed
zone. The initial merging zone was the nearest to the nozzle
exit, and the length was very short. The intermediate zone
came immediately downstream of the initial merging zone.

Then a complete merging of the flows from the initial merging
zone, namely, the fully merged zone, occurred. The mixing
flows of the annular potential core were both from the outer
mixing region and associated with the central axis of the
nozzle in the intermediate zone. In the fully developed zone,
the flow behaved like a combined jet with characteristics
similar to those of a single circular jet. Axial velocity decay
of different annular jet widths was depicted in Figure 4.
It could be clearly seen from Figure 4 that the axial
velocity of high-temperature annular buoyant jets with different jet widths had the same development law; namely, it
increased firstly, then decreased, and repeated. In the fully
developed zone, decay rates of axial velocity were almost the
same when the ratios of outer diameter to inner diameter
of the annulus were 5/4, 5/3, and 5/2. While when the ratio
was 5/1, the decay rate of axial velocity was close to that of
circle with the same outer diameter. Hence, we could take
the high-temperature annular buoyant jets with 5/1 ratio of
outer diameter to inner diameter as the circular buoyant jets
with the same outer diameter and employ the development
laws of circular buoyant jets for those of annulus. Besides,
the 5/2 ratio of outer diameter to inner diameter of annulus
could be regarded as the limit of ratio of outer diameter to
inner diameter for simplifying the high-temperature annular
buoyant jets to the circular ones.
The temperature decay regions of annular buoyant jets
were similar to the velocity decay regions; however, the
extents of these regions were different from those of velocity
decay, and these regions usually occurred before the corresponding velocity regions. Because energy diffusion was
more extensive than momentum diffusion, it was clear that

Annulus

0

0.2

0.4

310

360 355
340
325
365

340
330
320 315

310

345

30
5

0.4

3.5

0

0.2

0.4

Z/D0
320

2.0
1.5

315

350

335

325
330
335
360
340
350
345
365
355
360

320

2.5

1.0
0.5

5

0.8
0.7
0.6
0.5
Z 0.4
0.3
0.2
0.1
0
−0.4

0.0
0.4

Annulus

−0.2

X
(c) 0.5 m–0.2 m

3.0

31

315

310

365
355

310

360
355
345
350
5
340
330 33
325
320
315

335
345
350

360 355
365

315
320
330 325
310

0.2

(b) 0.5 m–0.3 m

Annulus

−0.2

350

0
X

(a) 0.5 m-0.4 m
365

4.5
4.0

−0.2

X
0.8
0.7
0.6
0.5
Z 0.4
0.3
0.2
0.1
0
−0.4

5.0

Annulus

365
360
345
355
0
34
350
330
325

−0.2

325

305

5
36
360 355 345
335 325
315
330
310

330
320

350

345

5

36

0.8
0.7
0.6
0.5
Z 0.4
0.3
0.2
0.1
0
−0.4

305

360

345

310

305

315
325
345
355

0.8
0.7
0.6
0.5
Z 0.4
0.3
0.2
0.1
0
−0.4

310
315
330
320
355 3
335
50
340
360
355
365

The Scientific World Journal

330
320

6

0

0.2

0.5

0.6

0.4

0.7
0.8
(t − te )/(tmax − te )

0.5 m-0.4 m
0.5 m–0.3 m
0.5 m–0.2 m

X
(d) 0.5 m–0.1 m

(a) Contour plot of temperature (K)

0.9

1.0

0.5 m–0.1 m
0.5 m

(b) Axial temperature decay

Figure 5: Axial temperature decay of different annular jet widths.

the temperature profile was flatter than the velocity profile.
Axial temperature decay of different annular jet widths was
shown in Figure 5.

4.0
3.5
3.0
Z/D0

3.1.3. Reattachment Position of Four Annular Jet Widths. The
axial mean velocity component along the centreline started
to grow until the maximum reached at different 𝑍/𝐷0 for
different annular jet widths. This location represented the
reattachment point, that is, the point at which the high
velocity flow which was inherited from the annular potential
core met at the centreline [16]. In other words, it was the point
where the location of the maximum annular velocity reached
the centreline of the jet configuration.
As shown in Figure 6, the hypothetical origin of the jet
lied at different locations. The reattachment points for 𝐷0 =
0.50 m 𝐷𝑖 = 0.40 m, 𝐷0 = 0.50 m 𝐷𝑖 = 0.30 m, 𝐷0 = 0.50 m
𝐷𝑖 = 0.20 m, and 𝐷0 = 0.50 m 𝐷𝑖 = 0.10 m correspondingly
occurred at 𝑍/𝐷0 = 2.60, 2.40, 1.90, and 1.80.
Aly and Rashed [5] provided that the reattachment
occurred at 1.18𝐷0 with 3 mm jet width. Ko and Chan [16]
correlated the reattachment distance with the nozzle diameter
ratio 𝐷0 /𝐷𝑖 . According to this correlation, the reattachment
occurred at 0.8𝐷0 with 170 mm jet width. In their paper,
they mentioned that the reattachment of the jet of Miller and
Comings was found to be 1.47𝐷0 with 170 mm jet width, while
the point of reattachment occurred at 1.90𝐷0 with 150 mm jet
width; and it was 1.80𝐷0 with 200 mm jet width in this paper.
Chigier and Bear [17] found that the reattachment occurred
at an axial position of 2.06𝐷0 with 97 mm jet width. However,
it was 2.40𝐷0 with 100 mm jet width in the present study. In
summary, for similar diameter ratios, reattachments in this
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Figure 6: The reattachment point of different annular jet widths.

paper occurred further downstream in contrast to previous
study. This phenomenon might be due to the strong buoyancy
force effects on the hot air jets.
3.2. Influence of Initial Parameters of High-Temperature Annular Buoyant Jets. In the practical industrial production, the
initial velocity of high-temperature annular buoyant jets
was closely related to the dumping velocity, and the initial
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temperature was dependent on the variety of dumped materials. The diffusion of the high-temperature annular buoyant
jets would be influenced by buoyancy forces as well as inertia
forces due to jet momentum. Different initial parameters
reflected the relative strength of buoyancy forces and inertia
forces. And they were shown in Table 1. The flow-field,
volumetric flow rate, and diameter of cross-section varying
along with the height influenced by the initial parameters
would be discussed in the following sections in turn.
3.2.1. Axial Velocity and Temperature Decay with Different
Initial Parameters. The decay laws of axial velocity and axial
temperature with the same initial velocity and different initial
temperature as well as with the different initial velocity and
same initial temperature were shown in Figure 7. From
Figure 7(a), it was found that, after the reattachment point,
axial velocity decay was growing intensively with the initial
temperature increasing at a constant initial velocity and with
the initial velocity increasing at a constant initial temperature
except for Case 3. From Figure 7(b), we could see that,
after the reattachment point, axial temperature decay was
growing intensively with the initial temperature increasing
at a constant initial velocity and with the initial velocity
decreasing at a constant initial temperature except for Case 3.

Z (m)

Table 1: Initial parameters of annular buoyant jets.
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Figure 8: Volumetric flow rate of high-temperature annular buoyant jets at cross-section varying along with the height with different
initial parameters.

The special development laws of Case 3 would be discussed
in the next section in details.
3.2.2. Development Laws of Volumetric Flow Rate with Different Initial Parameters. The development law of volumetric
flow rate (𝐺) of high-temperature annular buoyant jets at
cross-section varying along with the height could provide
some references for the exhaust air rate, size, and installation
height of exhaust hood. The volumetric flow rate at crosssection varying along with the height with different initial
parameters was depicted in Figure 8.
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Figure 9: Comparison of velocity and temperature field between Case 2 (𝑈0 = 1.2 m/s, 𝑡0 = 200∘ C) and Case 3 (𝑈0 = 1.2 m/s, 𝑡0 = 400∘ C).

Figure 8 indicated that the volumetric flow rate was
increasing continuously along with the height due to entrainment on ambient air. It was assumed that the local rate of
entrainment consisted of two components; one was the component of entrainment due to jet momentum while the other
was the component of entrainment due to buoyancy. The
volumetric flow rate of high-temperature annular buoyant

jets at cross-section increased with the initial temperature
increasing at a constant initial velocity except for Case 3
and with the initial velocity increasing at a constant initial
temperature. The special development laws of Case 3 would
be explained as follows.
The predominant effect of positive thermal buoyancy was
to increase the axial velocity component of the jet. In Case 3,

Z (m)
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the buoyancy force was much stronger than the inertia
force due to sharp temperature difference between axial
temperature and ambient temperature. At this moment, the
development law of annular buoyant jet was similar to that of
pure plume. The density of buoyant jets decreased and so did
the pressure. The buoyant jet was extruded intensively by the
ambient air, resulting in sharp contraction of cross-section
and sharp decrease of volumetric flow rate. The comparison
of flow-field characteristics between Case 2 (left) and Case 3
(right) might explain the phenomenon clearly, as shown in
Figure 9.
3.2.3. Development Laws of Cross-Section Diameter with Different Initial Parameters. The cross-section diameter, 𝐷, of
high-temperature annular buoyant jets varying along with the
height with different initial parameters accorded with that of
volumetric flow rate, as shown in Figure 10.
The exhaust hood shall be installed at a small crosssection diameter and volumetric flow rate of high-temperature annular buoyant jet. By this way, both the size and air
volume of the exhaust hood could be reduced to improve
the control efficiency and reduce the energy consumption.
Therefore, the exhaust hood should be selected and installed
reasonably on the basis of having good knowledge of the
development laws of cross-section diameter and volumetric
flow rate of high-temperature buoyant jets.
3.3. Influence of Pressure at Exhaust Hood Inlet on Flow
Field of High-Temperature Annular Buoyant Jets. Install the
square exhaust hood on the aforementioned basic model.
The size of the exhaust hood was 1.5 m × 1.5 m × 0.5 m,
and it was installed at 2 m height (seen in Figure 1). The
initial velocity of high-temperature annular buoyant jets was
1.2 m/s, and the initial temperature was 400∘ C. The pressure

at the exhaust hood inlet had a great impact on the velocity
field characteristics. They were set as 0 Pa, −1 Pa, −3 Pa, and
−5 Pa to compare the differences. However, the temperature
field and pressure field had no significant change with the
increasing pressure at the exhaust hood inlet. The velocity
field characteristics of high-temperature annular buoyant jets
with different pressures at the exhaust hood inlet were shown
in Figure 11.
The following conclusions could be drawn from Figure 11.
The maximum axial velocity of high-temperature annular
buoyant jets was increasing with the increasing pressure at
the exhaust hood inlet. When the pressure at the exhaust
hood inlet was 0 Pa, the maximum axial velocity occurred at
the middle of the annulus and the exhaust hood inlet. And
the streamlines had approximately the same direction around
the exhaust hood inlet. When it was −1 Pa, the maximum
axial velocity occurred at the approximately same position
and the airflows were inhaled into the exhaust hood in
disorder. The maximum axial velocity occurred not only at
the middle of the annulus and the exhaust hood inlet but
also around the exhaust hood inlet when it was changed
to −3 Pa. However, the maximum axial velocity occurred
around the exhaust hood inlet when it reached −5 Pa. The
velocity field characteristics of annular buoyant jets were
pretty similar when the negative pressure at the exhaust hood
was smaller than −5 Pa. In a word, the airflow could be
effectively controlled without great passive pressure at the
exhaust hood inlet.

4. Conclusions
The aim of this study was to numerically investigate the flow
characteristics of high-temperature annular buoyant jets and
the air distribution characteristics under the coupling effect
of high-temperature annular buoyant jets and ventilation
system. Based on the analysis of the simulation results and
comparisons with previous studies, the following remarkable
conclusions were drawn.
(1) Two peak velocities occurred in the process of hightemperature annular buoyant jets development with the ratio
of outer diameter to inner diameter of the annulus smaller
than 5/2. The middle peak velocity was mainly caused by
the vortex with buoyant jets at the sides expanding to the
center. In contrast, peak velocities at the sides occurred when
acceleration action due to buoyancy and velocity decay due to
entrainment were in equilibrium. The middle peak velocity
gradually decreased and disappeared eventually with the
increase of width of high-temperature annular buoyant jets.
(2) Radial velocity developments of high-temperature
annular buoyant jets with different annular jet widths
revealed that the annular flow merged towards the axis of
the annulus forming a velocity profile further downstream
similar to that for a circular jet.
(3) When the ratio of outer diameter to inner diameter of
the annulus was smaller than 5/2, the flow-field characteristics of high-temperature annular buoyant jets had significant
difference compared to circular buoyant jets with the same
outer diameter. In this case, the high-temperature annular
buoyant jets could not be simplified as circular buoyant jets.
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Figure 11: Velocity field characteristics of high-temperature annular buoyant jets with different pressures at the exhaust hood inlet.

(4) The reattachment points for ratio of outer diameter
to inner diameter of 5/4, 5/3, 5/2, and 5/1 correspondingly
occurred at 𝑍/𝐷0 = 2.60, 2.40, 1.90, and 1.80. For similar
diameter ratios, reattachments in this paper occurred further
downstream in contrast to previous study. This phenomenon
might be due to the strong buoyancy force effects on the hot
air jets.
(5) The volumetric flow rate was increasing continuously
along with the height due to entrainment on ambient air. The
cross-section diameter of high-temperature annular buoyant
jets varying along with the height with different initial
parameters accorded with that of volumetric flow rate.
(6) When the pressure at the exhaust hood inlet changed
from 0 Pa to −5 Pa, the position where maximum axial
velocity occurred was moving from the middle of annulus
and exhaust hood inlet towards the exhaust hood inlet. The
velocity field characteristics were pretty similar when the
negative pressure at the exhaust hood was greater than −5 Pa.
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Electrochemical promotion of catalysis reactions (EPOC) is one of the most significant discoveries in the field of catalytic and
environmental protection. The work presented in this paper focuses on the aspects of reaction mechanism, influencing factors, and
recent positive results. It has been shown with more than 80 different catalytic systems that the catalytic activity and selectivity
of conductive catalysts deposited on solid electrolytes can be altered in the last 30 years. The active ingredient of catalyst can be
activated by applying constant voltage or constant current to the catalysts/electrolyte interface. The effect of EPOC can improve
greatly the conversion rate of NOx. And it can also improve the lifetime of catalyst by inhibiting its poisoning.

1. Introduction
In the 1970s, it has been shown that solid electrolyte played
an important role in the heterogeneous catalytic. And the
authors provided a measurement method of the oxidation
degree of catalyst surface with the solid electrolyte doped
ZrO2 [1]. In the late 1970s, Vayenas and Saltsburg [2] provided
a concept of solid electrolyte potentiometry (SEP) which was
used widely in the research of catalysis reaction mechanism
on metal surface. These studies were helpful for the providing
of EPOC. The phenomenon of EPOC was firstly reported by
the group of Stoukides and Vayenas [3] at MIT in 1981. As a
result, the actual enhancement of the catalytic activity was
much higher than that estimated by the Faraday law. They
called this phenomenon nonfaradaic electrochemical modification of catalytic activity (NEMCA). In the later research,
scholars called it for EPOC.
In the last 30 years, it has been reported with more than
80 different catalytic systems that the catalytic selectivity and
activity of catalytic active ingredient deposited on solid electrolyte can be altered greatly by applying constant voltage or
constant current to the catalyst/electrolyte interface. The
induced steady state conversion rate can be up to 150 times
higher than the normal catalytic rate (open circuit) [4]. And it

can be up to 3 × 105 higher than the steady state rate of
ion supply [5]. Because of the tightening legislation related
to exhaust emissions, the removal of flue gas from exhaust
duct has become increasingly important. As one of the main
pollutants, NOx originating from automotive traffic and
industries, especially in urban areas, has been a research
emphasis. The traditional technology of three-way catalytic
is ineffective for the removal of NOx under lean-burn conditions. And the normal techniques of DeNOx face three challenges. The most important one is to reduce or even remove
the use of noble metals (Au, Pt, Pd, Rh, Ag, etc.) because of
their excessive cost which makes necessary stages of recycling
and recovery. Another point is to improve the lifetime of
the catalysts by inhibiting their poisoning under operating
conditions. The last crucial point is how to reduce the operating temperature. Thus, a new type of catalytic system for
effectively cleaning the flue gas under lean-burn conditions is
urgently needed. As one of the novel technology in the field of
catalytic, the EPOC has some advantages compared with the
traditional catalytic. Different obvious advantages of EPOC
will be described such as the promotion of the catalytic activity and selectivity at low temperature, the improvement of the
catalytic lifetime, and the enhancement of controllability.
Most of the literature of EPOC were was reported for
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the study of catalytic application and the modification of
catalysts. However, there is not a recapitulative article only
for electrochemical promoted DeNOx. The objective of this
paper is to make the overview for the special performance of
EPOC at different influencing factors and its potentialities in
the field of De-NOx by describing different examples.

2NO

e−

O2

N2

Ov−

2. Reaction Mechanism
The term EPOC was used to describe the phenomenon
that the pronounced strongly nonfaradaic and the reversible
changes in the catalytic activity and selectivity of conductive
catalysts deposited on solid electrolytes. Vayenas et al. [6]
have provided a theoretical basis and a detailed account of the
phenomenology, which made the EPOC clear. The operating
process usually requires electrochemical pumping of ions to
the interface of porous working electrode and solid electrolyte. As a result, the modification in work function
changed the activation energy of reactions and the adsorption
enthalpy of adsorbed species. Controlling voltage provides
control of the concentration of spilt over promoter species on
the solid electrolyte surface. Therefore, the metal electrode, as
catalytically active locus, is usually in the form of an electronically conducting and porous metal plate placed on the solid
electrolyte. Catalyst structure schematic drawing is outlined
in Figure 1.
The idea of reducing NOx with electrochemical method
in a solid-state cell was firstly suggested by Pancharatnam
et al. in 1975 [7]. The authors suggested that the reduction of
NO occurred on the zirconia surface, even interface between
electrode and solid electrolyte, and not on the electrode itself.
The NOx received e− and was vented in the form of gaseous
nitrogen to air. The Ov− was transferred through the solid
electrolyte to metal anode plate and vented in the form of
O2 . Researches made it clear that this process was more facile
reaction under oxidizing conditions [8]. The cathode had a
high activity and selectivity towards the reduction of NOx
when O2 was present along with NOx. The result showed that
the reduction rate of NOx exceeded that estimated with the
Faraday law by a thousand fold under a high cathodic overpotential condition. Taking that into account, the mechanism
below was proposed by the authors:
V∙∙
o

V𝑥𝑜

∙
(𝑠) ←→
(𝑠) + 2ℎelectrode
𝑥
NO + V∙∙
o (𝑠) → N − O𝑜 (𝑠)
NO + N − O𝑥𝑜 (𝑠) → N2 O + O𝑥𝑜 (𝑠)
N2 O + V𝑥𝑜 (𝑠) → N2 + O𝑥𝑜 (𝑠)
∙∙
𝑥
O𝑥𝑜 (𝑠) + V∙∙
o ←→ Vo (𝑠) + O𝑜 (𝑏) ,

(1)

where V𝑥𝑜 is a F-center, (𝑠) the surface of electrolyte, and (𝑏)
the bulk of the electrolyte. This hypothesis was authenticated
by Gür and Huggins using Pt and Au point electrodes in the
later work [9]. In a work by Gessner et al. [10] in 1988, the
authors suggested that oxygen conversion was not always the
dominant charge transfer reaction. The oxidation of nitric
oxide to nitrogen dioxide and the reduction of nitrogen
dioxide to nitric oxide were found to be the dominant charge
transfer reactions in their work.

O2

Figure 1: Catalyst structure schematic drawing.

Three parameters usually describe the magnitude of electrochemical promotion:
(1) the rate enhancement ratio (𝜌) defined from
𝜌=

𝑟
,
𝑟𝑜

(2)

where 𝑟 is the electropromoted catalytic rate, 𝑟𝑜 the unpromoted catalytic rates,
(2) the faradaic efficiency (Λ) defined from
Λ=

Δ𝑟
,
(𝐼/2𝐹)

(3)

where Δ𝑟 is the potential or current induced change in catalytic rate, 𝐼 the applied current, 𝐹 the Faraday’s constant,
(3) the promotion index (PI𝑗 ) of the back-spillover promoting
species defined from
PI𝑗 =

Δ𝑟/𝑟𝑜
,
𝜃𝑗

(4)

where 𝜃𝑗 is the coverage rate of the promoting species (𝑗) on
the catalyst surface.
A reaction that exhibits electrocatalysis is limited to |Λ| ≤
1, while electrochemical promotion when |Λ| > 1. A reaction
is termed electrophilic when Λ < −1, while electrophobic
when Λ > 1. In the former case, the rate decreases with
catalytic potential, 𝑈, while in the latter case the rate increases
with catalytic potential. Λ values up to 3×105 [11] and 𝜌 values
up to 1 × 103 [12] have been found for several systems.
Solid oxide fuel cells (SOFCs) show good results for lean
NOx emission control of high-concentration NOx with or
without power generation in Ta-Jen Huang’s research [13–
18]. The simplified catalytic system, without consuming any
reductant, that a new generation catalytic converter (electrochemical-catalytic cells, ECCs) can have a very compact size
to be used for lean-burn motor vehicles [19–21]. Authors
offered the transformation process of ions on the catalysis
(shown in Figure 2) [22]. They think that either the SOFC or
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Figure 2: Schematic diagrams of electrochemical-catalytic DeNOx via (a) the ECC and (b) the SOFC.

the ECC is by direct NO decomposition because there is no
reductant over the cathode. The mechanism was suggested as
below [22]:
NO2 → NO + O
NO → N + O
2N → N2

(5)

(8)

N(ads) + N(ads) → N2(g)
N(ads) + NO(ads) → N2 O(g)
C3 H6(ads) + 9O(ads) → 3CO2(g) + 3H2 O(g) .

NO + [] ⋅ [] → N − [O] ⋅ []
(6)

[O] ⋅ [O] → O2 + [] ⋅ [] ,
where [] ⋅ [] is a pair of adjacent surface oxygen vacancies and
[O] denotes O in the surface oxygen vacancy,
When CO2 and H2 O are present in this catalytic system
[22]:

Comparing all the previous mechanism analysis, we may
safely draw the conclusion that the electrochemical catalytic
process can be divided into the following several steps: (I) the
adsorption of reactant gas; (II) gas molecules combined with
the active site; (III) the forced transfers of specific ions due to
the effect of supplied voltage; (IV) the mutual restructuring of
adsorbed ions, then desorption. The electrochemical catalytic
efficiency is influenced by the steps (II) and (III), while the
selectivity of products is related to the last step.

3. Influencing Factors

CO2 + [] → CO + [O]
NO + ∗ − [] → N ∗ − [O]
CO + N ∗ − [O] → CO2 + N ∗ − []

O2(g) → 2O(ads)
NO(ads) → N(ads) + O(ads)

Considering [] as the surface oxygen vacancy [23]

N − [O] ⋅ [O] − N → N2 + [O] ⋅ [O]

NO(g) → NO(ads)
C3 H6(g) → C3 H6(ads)

2O → O2 .

NO + N − [O] ⋅ [] → N − [O] ⋅ [O] − N

When a reductant (e.g., C3 H6 ) is used in this catalytic system [24],

(7)

H2 O + [] → H2 + [O]
H2 + N ∗ − [O] → H2 O + N ∗ − [] ,
where ∗ denotes the active site for NO adsorption via N. The
products are only one N species which should be distantly distributed. The surface diffusion of N species would influence
the production of N2 in the low NOx concentration region.

3.1. Types of Electrode and Solid Electrolyte. At the present,
noble metals are used as electrode plate mainly including
Au, Pt, Pd, Rh, Ag, and Ir [7, 9, 25–32]. There are special 𝑑
electronic configurations in the outer electrons of these noble
metals. This configuration provides coordination bond for
the reactants on the catalyst/electrode interface. Reactants
are activated by the coordination bond during the reaction
process. Therefore, the noble metals materials have became
the targets of preferred study. However, some scholars have
begun to search for cheap materials to replace these noble
metals because of their excessive cost which makes necessary
stages of recycling and recovery.
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Figure 3: Elementary diagram representation of a metal electrode deposited on a O2− conducting solid electrolyte.

The cheap metal oxides CuO and NiO were studied in
some papers [33, 34]. The result showed that NiO has few
activities towards the reduction of NO. Nevertheless, CuO is
highly active towards the electrochemical reduction of NO. It
is the same phenomenon as that observed for the traditional
catalytic reduction of NO on these two oxides. And it is
known that CuO has a better catalytic activity than NiO [35,
36]. These papers made it clear that the bond breaking of NO
was one of the restrictions for the electrochemical reduction
of NO. The result also showed that the reduction rate of NO
was increased when NiO reduced to Ni metal, whereas the
reduction rate of oxygen was restrained when Cu was presented as CuO. Yet the reduction of oxygen was induced when
CuO was reduced to Cu2 O.
Furthermore, other scholars have done a lot of work
towards solid electrolyte. It was shown that the solid electrolyte is indispensable in the process of heterogeneous
electrochemical catalysis reduction of NOx. The working
principle of solid electrolyte in the process of EPOC has
been expounded in reaction mechanism (Section 2). It will
be expounded with an example in the next moment. For the
solid electrolyte of O2− conductor supports, the action of
EPOC has been found to derive from the anionic transfer
(reverse spillover) of O𝛿− species (Figure 3) [37]. These O𝛿−
species together with their image charge in the metal formed
a whole neutral double layer at the metal-gas interface. Both
chemisorptions and catalysis are affected by the back-spillover and the image charge in a pronounced manner. The
back spillover O𝛿− species are different from oxygen adsorbed
from the gas phase under a high oxygen condition [38–40].
They are also less against catalytic oxidations than gas supplied oxygen.
The EPOC effect has been confirmed for a wide field of
reactions in the reduction of NOx when the electrodes are
connected to a solid electrolyte. Electrochemical promotion
was also observed on oxides such as CuO [33], RuO2 [41], and
IrO2 [42]. Several parts of literature [43–47] have reported
that the using the class of oxides, the based electrodes were
spinels, as cathodes for the electrochemical reduction of NOx.
A research result reported by Wachsman et al. [48] manifested that an La0.8 Sr0.2 Co0.9 Ru0.1 O3−𝛿 cathode had a higher
conversion rate in reducing NOx than a Pt-based cathode

under oxidizing conditions. This phenomenon was attributed
to the good electrochemical catalytic characters of the perovskite-based cathode compared to the Pt-based cathode. In
this kind of study, the solid electrolyte may be mixed
ionic-electronic conductors (CeO2 [49] and TiO2 [50]), F−
conductors (CaF2 ) [51], O2− conductors (YSZ (Y2 O3 stabilized ZrO2 )) [52–54], H+ conductors (Nafion [55] or

CaZr0.9 In0.1 O3−𝛼 [56, 57]), and Na+ conductors (𝛽 -Al2 O3
[58, 59] or Na3 Zr2 Si2 PO12 [60]). It is also a good research field
that coating of metal based electrodes.
3.2. Configurations of Electrochemical Promotion Reactors.
Electrochemical promotion has been studied for over eighty
different catalytic systems [37], while it has mainly two kinds
of forms of electrochemical promotion reactors classified in
structures. One is to which the reactor only working electrode
is exposed in the reactant gas (Figure 4). The other is the reactor that both electrodes and solid electrolyte were exposed in
reactant gas (Figure 5). The porous catalyst film or working
electrode of the reactor shown in Figure 4 is exposed in gas
mixture, while counter electrode is exposed in air. Because
the process of EPOC just occurred on the surface area of the
film, the reactor shown in Figure 4 has more advantages compared with the reactor shown in Figure 5 in the mechanism
research of EPOC. In the paper by Song et al. [61], the cathode
was assembled in a bilayer structure. The Pt paste was screenprinted as a circle on the yttria stabilized zirconia (YSZ) disk.
The anode was also the platinum applied on the other side of
the solid electrolyte. Then, metal lines were contacted with
the platinum layers at both sides. In the consideration of
impedance measurements, the platinum reference electrode
applied on the opposite side of the working electrode was
used. The result showed that the reduction behavior of NO
presents a function of the applied current for the electrochemical promotion cells. It required a threshold current to
arouse the EPOC behavior of NO for all the cells. The EPOC
behavior of NO did not occur if external current was applied
insufficiently. Its conversion rate was increased abruptly when
a higher current density was supplied to the cell. It is feasible
that the conversion rate of NO reach to 87% at 250 mA/cm2 ,
although this reaction started at 60 mA/cm2 .
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Figure 4: Configuration of reactor that only working electrode is exposed in the reactant gas.

In contrast, all the counter electrode, working electrode,
and solid electrolyte of the reactor shown in Figure 5 are
exposed in the gas mixture. The catalytic active sites spread
over carrier contact easily with gas mixture compared with
another one. Based on the previous advantage, the reactor
shown in Figure 5 has a higher value in the EPOC applied
research. In the paper by Dorado et al. [24], the EPOC reactor
was made of a pyrex tube. And the catalytic experiments
were operated at atmospheric pressure. The catalytic reaction
process was carried out in this kind of tubular solid electrolyte
reactor. The temperature of catalytic reaction was detected
with a K-type thermocouple installed inside the inner of
reactor. And the external heat producer of the EPOC reaction
was a furnace outfitted with a heat control system. The result
showed that the system in catalytic potential modification on
reaction rates could be electrochemically promoted. The conversion rate of NO was increased at low O2 concentration (0.5
and 1%) under the traditional optimally promoted conditions.
However, it could be seen that the conversion rate of NO was
decreased when the O2 concentration increased, eventually
resulting in an entire loss. The increase of O2 concentration
results in a decreasing of the efficiency of EPOC for NO
reduction. This phenomenon could be attributed to that a
relative increase of the surface coverage of O2 and a strong
inhibition of the reductant adsorption.

Although the EPOC has been studied for more than 30
years, there has been no large-scale commercial operation. It
is chiefly because of the lack of compact and efficient reactor
designs allowing for the operation of EPOC. In the paper by
Balomenou et al. [62], a novel dismountable monolithic-type
EPOC reactor and an ingenious sensor-catalytic reactor unit
have been designed and tested for the reduction of NO by
C2 H4 under an oxygenic condition (Figure 6).
The reactor can be considered as a complex between a
ribbed-plate or flat-plate solid oxide fuel cell and a traditional
monolithic honeycomb reactor. Two external electrical connections were required in this novel reactor. And the novel
reactor achieves easily practical utilization of the EPOC. In
this novel reactor, thin (about 20 ∼ 40 nm) porous catalyst
films were made of two different materials (Au and Rh, Pt and
Rh). These films are sputter-deposited on the opposing
surfaces of solid electrolyte. The shapes of solid electrolyte
are thin (0.25 mm) parallel plates. And the solid electrolyte
parallel plates were supported in the grooves of a ceramic
monolithic holder. The Au/YSZ/Rh-type serve as sensor elements and the Pt/YSZ/Rh-type as electrochemical promoted
catalyst elements. The 22-plate reactor was tested under high
flow rate (1.8 L/min) and gas hourly space velocity (1200 h−1 )
condition. This novel reactor could achieve higher conversions (about 90%) than all former electrochemical promoted
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Figure 5: Configuration of reactor that both electrodes and solid electrolyte were exposed in reactant gas.

catalysis units and showed significant promise for the commercialization and practical applications of EPOC.
3.3. With or without Reductant. The EPOC can be divided
into two categories according to whether the reductant is
consumed. The unsaturated hydrocarbon compounds (HC)
is usually used as reductant. Notably, propylene is usually
used to represent HC in the engine exhaust [63]. The selective
catalytic reduction of NO by C3 H6 was investigated by Constantinou et al. [27]. His group studied the effect of EPOC on
porous polycrystalline Rh catalyst-electrode films. The result
showed that the rate of NO reduction and CO2 formation was
enhanced, respectively, by factors of up to 55 and 200 due to
the application of current or potential between the Rh catalyst-electrode and an Au counter electrode.
Huang et al. [64] attempt to clear simultaneously NOx
and hydrocarbons with electrochemical catalytic. The result
showed that a higher oxygen concentration is beneficial to
both the NO conversion and the hydrocarbons oxidation to
result in zero pollution. The effect of adding propylene for NO
removal was also investigated (result shown in Figure 7).

Figure 7 shows that both adding propylene and decreasing
temperature increase the NO removal. Moreover, The effect
of decreasing temperature from 450 to 400∘ C is smaller than
that of adding 350 ppm propylene. The effect of adding propylene is similar to that of HC-DeNOx over catalyst [65]. NOx
can be reduced by propylene. Besides, C3 H6 [66–68], many
other species of HC (including CH4 , C2 H4 , C3 H8 , and C5 H12 )
[69, 70] were investigated. The results showed that the presence of HC is favorable for NOx removal. This electrochemical promotion is also present at the catalytic system that CO
[71] or NH3 [72] is reductant. But the presence of reductant
may inhibit other forms promotion in same times.
In the paper reported by Dorado et al. [24], the effect of
EPOC for the reduction of NO by C3 H6 was studied. This
effect was firstly investigated on a Pt impregnated catalyst film

directly deposited onto an Na-𝛽 -Al2 O3 solid electrolyte. The
result showed that the presence of promoters enhanced the
selectivity of N2 . However, combined with characterization
results, the promotional effect of sodium on the overall catalytic activity for NO removal would be inhibited when C3 H6
and O2 are present. Authors thought that the phenomenon
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Figure 6: Schematic and dimensions of the monolithic electrochemical promoted catalysis reactor.

can be attributable to the result of a strong inhibition of C3 H6
adsorption and a relative increase of the O2 coverage.
The electrochemical promotion of decomposition is an
effective method for NOx removal. In 2001, the electrochemical cells of oxide|Pt (cathode|YSZ|Pt (anode) for NO
decomposition were designed and investigated [73]. It was
shown that the properties of the electrochemical cell for NO
decomposition and the value of the current efficiency could
be enhanced because of the specific microstructure of the
NiO-YSZ mixed oxide. And an electrochemical cell for NO
decomposition was firstly designed for which the value of
current efficiency is exactly equal to the theoretical one. In the
following studies, his group proved that the NO conversion
was positively associated with the value of the current, while
the value of current efficiency is only dependent on the NO
and O2 gas concentrations [74, 75]. It is possible to minimize
the values of the cell operating voltage by the control
of the composition of the (NiO)𝑥 -(YSZ)1−𝑥 electrocatalytic

electrode [76]. In 2004, his group proposed a novel electrochemical promotion reactor for NOx decomposition. This
reactor was designed by compositional control and nanostructural of an NiO-YSZ electrochemical promotion catalytic
electrode [77]. In such reactors, the electrical power required
for NO decomposition is greatly reduced in the presence of
10% of O2 . Therefore, the energy consumption required for
NO removal in such reactor is lower than that in traditional
cells.
The catalytic activity of electrochemical promotion
decomposition for NOx was strongly influenced by microstructure, composition, and the configuration of the working
electrode [78, 79]. The cell composed of (La2 Sn2 O7 + YSZ)/Pt
composite electrode was investigated by Park et al. [79].
A higher catalytic activity of electrochemical promotion
decomposition was observed for the cell composed of
(La2 Sn2 O7 + YSZ)/Pt composite electrode than the Pt electrode. The result showed that 87% NOx was reduced at
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the current density of 194 mA/cm2 in the reactant gas containing 2% O2 , while such cell decomposed 80.5% NOx at the
current density of 325 mA/cm2 under 4% O2 condition. The
cell stacks composed of Ce0.9 Gd0.1 O1.95 porous electrolyte
and La1−𝑥 Sr𝑥 MnO3 (𝑥 = 0.15, and 0.5) composite electrode
were investigated by Werchmeister et al. [80]. The cell stacks
were infiltrated with the nanoparticles of Ce0.9 Gd0.1 O1.95 ,
Ce0.8 Pr0.2 O2−𝛿 and pure ceria after sintering. It is possible to
reduce up to 35% of NO present when the cell stacks are polarized with 1.5 V for each cell. It is shown that the cell stacks
infiltrated with pure ceria had the highest electrochemical
catalytic activity. However, the highest selectivity towards
NO compared to O2 present at the ones infiltrated with
Ce0.9 Gd0.1 O1.95 .
The electrochemical promotion of catalytic deoxidation
and decomposition is an effective way to NOx removal. The
EPOC deoxidation for NOx usually has a higher NOx conversion due to the presence of reductant. However, the reductant
should cause secondary pollution if the catalytic process is
an incomplete reaction. The proportion of added reductant
should be paid enough attention. The EPOC decomposition
for NOx is an ingenious way to avoid the pollution caused by
reductant. However, compared with deoxidation, the conversion of NOx of the EPOC decomposition is unsatisfactory.
Therefore, improving the NOx conversion of the EPOC
decomposition would become a direction with quite development potentiality in the future.

4. Recent Positive Results
In 1990, Cicero and Jarr [81] reported firstly the use of oxidebased electrodes in the reduction of NO. The authors used a
metal oxide-based cathode to remove NO, which achieved a
conversion of 91% with O2 concentration of 8%. The temperature range of experiment was from 650∘ C to 1050∘ C. But
they did not give the magnitude of the current efficiency in

this paper. The influence of NO for the reduction rate of O2
on La0.8 Sr0.2 MnO3−𝛿 based electrodes was reported in 1995
[82]. Reinhardt et al. found that the reduction rate of O2
was increased when NO was added to the gas mixture in the
temperature range of 500 ∼ 900∘ C. But they did not undertake the gas analysis when NO was added to the gas mixture.
Therefore, it is possible that the reduction of NO itself led to
the current density increased.
In 1996, Palermo et al. [83] did a deeper research on the
system used either propene or CO as reductant. The result
showed that an obvious increase of NO reduction rate was
achieved when Na+ were pumped to the catalysts surface. The
authors made a point that the increase of NO reduction rate
was related to operated temperature, applied potential, and
gas composition. The maximum increase of NO reduction
rate was achieved at 375∘ C when a low potential (0.25 V) was
applied on the system. Authors thought the Na+ could induce
weakening of the NO bond, which led to a easier dissociation
of NO bond. This step played an important role in the
enhancement of NO reduction rate. In the later research,
Yentekakis et al. [84] found that the reduction of NO with
propene was observably enhanced when Na+ was pumped to
the Pt surface. In conclusion, authors thought this enhancement in the reduction of NO owed to a sodium-induced promotion of the NO bond dissociation.
In 1997, a paper reported by Marina et al. [85] narrated the

reduction of NO with H2 using a Pt catalyst on 𝛽 -Al2 O3 Na+
conducting solid electrolyte. The research showed that the
electrochemical promoted catalytic reduction rate of NO was
increased up to 30 times more than the unpromoted catalytic
rate. What is more, the electrochemical promoted catalytic
reduction rate of NO was increased with over thousands
times more than the rate of Na+ pumped to the catalysts
surface. At the same time, the catalytic selectivity of NO to N2
was increased from 30% to 75%. In 1999, a research reported
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by Belyaev et al. [86] investigated the electrochemical promoted reduction of NO with CO. In this research, authors
used Pt material as catalysts supported on YSZ. The result
showed that the reduction rate of NO was strongly increased
when the current was applied to cathodic.
In the research published in 2000, Kaneko et al. [87]
found that NO could be reduced at 800∘ C after being injected
in pulses. Authors used a platinum electrode placed on the
YSZ and provided relatively high potentials (−500 mV versus
air) to the system. In the study by Hibino et al. [88], it was
shown that the alternating current efficiency was highest
when the applied potentials were higher than 3 V in combination with the use Pd electrode. However, the direct current
efficiency was highest when the applied potentials of lower
than 3 V.
In 2001, Bredikhin et al. [73] attempted to use a multideck
electrode structure. The multideck electrode structure consisted of an NiO/YSZ electropromoted catalytic active layer, a
YSZ covering layer and a Pt/YSZ cathode. The result showed
that the activity of the cathode layer was related to the Pt/YSZ
ratio.
In 2003, a paper reported by Vernoux et al. [89] narrated
that the platinum was supported on NASICON which was
a kind of Na+ conducting electrolyte. And the propene was
used as reductant for the reduction of NO. The result showed
that the reduction rate and the selectivity of NO to N2 was
increased when a low potential (100 mV) was applied on the
system. It is possible that nitric oxide was efficiently reduced
at low temperature of 300∘ C. The use of the NASICON electrolyte made it possible that the electrochemical promoted
catalysis reaction was operated at a low temperature. In
the research by Petrushina et al. [90], a proton conducting
H3 PO4 based electrolyte was used to the reduction of NO at
a lower temperature (135∘ C). The H2 was used as reductant in
this electrochemical promoted catalysis system. The result
showed that the reduction rate of NO could be enhanced
when the Pt electrode was provided a negative potential.
In 2005, Kammer and Skou [91] studied the Fe-Mn-based
perovskites catalyst. From their research, the result showed
that the Fe-rich perovskites had the highest catalytic activity
in the reaction of the electrochemical promoted reduction of
NO. This result identified with the hypothesis that the reduction rate of NO was determined by the amount of oxide ion
vacancies and the redox capacity. However, in another paper
by Simonsen et al. [92], the catalytic activity was decreased
after adding BaO to the perovskites-based electrode. In this
research, the catalytic selectivity was also investigated. In
the conclusion, the authors presented that the selectivity was
strongly enhanced after adding BaO to the perovskites-based
electrode.
In 2006, the influence of the YSZ covering layer was studied again by Hamamoto et al. [93]. The result showed that the
YSZ covering layer led to the suppression of the adsorption
and the decomposition of O2 . In 2008, the multideck electrode structure was studied by the same group of Hamamoto
et al. [94]. In this research, the top of the multideck electrodes
applied an extra-covering layer. This covering layer consisted
of Na, K, or Cs together with Pt and Al2 O3 , which were
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used as NOx adsorbing layer. At last, it was shown that the
adsorbing layer containing K appeared a better effect than
others. This type of cathode in the paper could achieve a quite
high catalytic activity. And it is possible that the conversion
of NOx is increased about 20% due to the current effect.
Therefore, this type of multideck electrodes is a developed
direction in the research of removing NOx.
The effect of EPOC can be used to activate a metal
catalyst for the selective catalytic reduction of NOx under
wet reaction conditions. In 2009, the effect of some operating
conditions on the simultaneous removal of NOx and SO2 was
investigated. The simulated NO-SO2 -air flue-gas mixtures
were bubbled into a integrated wet scrubber electrochemical
cell system in Il-Shik Moon’s research [95]. The result showed
that the NOx was fast and greatly reduced when SO2 coexisted in the scrubber column. And it was proved that the SO2
removal from the NO-SO2 mixture occurred independent of
NOx with no interference what so ever. In the paper reported
by de Lucas-Consuegra [96], the catalytic performance of Pt
electrode can be optimized by the application of different
potentials at each operation temperature. The catalytic behavior of the system is optimized due to the combined use of the
Pt/K-𝛽Al2 O3 cell under changing reaction conditions.
The effect of voltage and temperature on NO removal with
power generation in a solid oxide fuel cell (SOFC) unit was
investigated in 2010 [97]. The SOFC is constructed with Ni(Ce,Gd)O2−𝑥 as anode, YSZ as electrolyte, and V2 O5 -added
(LaSr)(CoFe)O3 -Ni-(Ce,Gd)O2−𝑥 as cathode. It is shown that
the NO conversion increases slightly with the decreasing
voltage but with increasing temperature from 800∘ C to 875∘ C.
And the NO conversion increases as O2 and NO concentrations decreases when the process is operational under 2–5%
O2 concentration condition.
In the paper reported by Hadjar et al. [98], an electrochemical NOxTRAP catalyst Pt-Ba/YSZ was investigated.
The NOxTRAP catalyst is one of the technology of DeNOx
[99]. It is shown that the cathodic polarization is beneficial
to the NOx storage even under lean-burn conditions. The
experiment was operated at 500∘ C with different O2 partial
pressures. The duration until full NOx storage was drastically
enhanced about 80 times in the presence of 6% O2 . And NOx
can be reduced about 10% due to the occurrence of electrochemical reduction during regeneration phases. Authors
thought that the generation of oxygen vacancies on the
YSZ surface induced by negative polarization is the major
influence factor related to the electrochemical activation of
the NOx storage capacity.
An ingenious multilayer electrochemical cell was investigated in 2012 [100]. An ytrria stabilized zirconia cover layer
was replaced with an adsorption layer of the cell. It is shown
that the electrochemical properties of NOx removal were dramatically enhanced. Authors thought that the enhancing of
the NOx removal was related to the following two aspects: the
extensive release of selective reaction sites for NOx species, a
strong promotion for NOx reduction as adsorption layer connected with both the Pt and catalytic layers. The optimizing
of electrochemical cell may provide a promising direction for
NOx emission control [101].
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5. Conclusions
It has been shown that the catalytic activity and selectivity of
a few catalytic reactions can be modified by electrochemical
promotion. Many studies have been reported related to the
effect of EPOC during the last 30 years. The study about its
mechanism and application is becoming a trending topic in
the field of reduction NOx. It is possible that the electrochemical promotion reduction of NOx was operated in a few types
of solid-state electrochemical cells. It was reported that the
cathode materials or catalysis species with an enough coordination bond were effective for the electrochemical promotion reduction of NOx. The importance of the EPOC phenomenon both in electrochemistry and catalysis was highlighted with the effectiveness of EPOC for catalytic oxidations
and reductions using different types of catalysts, electrodes,
and solid electrolytes. Further development of catalysts, electrodes, and solid electrolytes materials are needed in order to
increase the reduction rate of NOx. The improving lifetime of
the catalysts also appears quite promising. The development
of large-scale novel monolithic applicable reactors with ingenious design may be beneficial to the practical utilizations of
EPOC.
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Catalytic hydrolysis technology of carbonyl sulfide (COS) at low temperature was reviewed, including the development of catalysts,
reaction kinetics, and reaction mechanism of COS hydrolysis. It was indicated that the catalysts are mainly involved metal oxide
and activated carbon. The active ingredients which can load on COS hydrolysis catalyst include alkali metal, alkaline earth metal,
transition metal oxides, rare earth metal oxides, mixed metal oxides, and nanometal oxides. The catalytic hydrolysis of COS is a
first-order reaction with respect to carbonyl sulfide, while the reaction order of water changes as the reaction conditions change. The
controlling steps are also different because the reaction conditions such as concentration of carbonyl sulfide, reaction temperature,
water-air ratio, and reaction atmosphere are different. The hydrolysis of carbonyl sulfide is base-catalyzed reaction, and the force of
the base site has an important effect on the hydrolysis of carbonyl sulfide.

1. Introduction
With the rapid development of ecomy, energy supply and
demand have become increasingly prominent; the scientific use of high-sulfur energy received extensive attention.
Among the chemical raw material gases, which are made
from coal, oil and natural gas, sulfur compounds can generally be divided into two major categories of organic sulfur
and inorganic sulfur. Organic sulfur contains carbonyl sulfide
(COS), carbon disulfide (CS2 ), thiophene, mercaptan, and
so forth [1]. Inorganic sulfur is mainly hydrogen sulfide
(H2 S). COS, accounted for approximately 80% to 90% of
the total organic sulfur, is normally regarded as a significant
poison which can cause the deactivation of the industrial
catalyst. Even only a trace amount of COS can result in
the deactivation of catalysts and can lead to corrosion of
reaction equipments [2–4]. For instance, as little as 4 mg
of sulfur per gram of catalyst on the surface of the Fe-CuK catalyst decreases the activity by ca. 50% in the FischerTropsch process [5]. Furthermore, not only does COS cause
economic loss, but also affects the environment. COS is

thought to be the most abundant sulfur-containing gas in
the troposphere. Apart from volcanic injection, tropospheric
COS is the main source of sulfur in the stratosphere leading
to the stratospheric sulfate layer. The reactions of H, OH, and
O (3P) with COS are known as important chemical sinks for
consumption of this compound [6]. It has been proved to be
a major source of acid rain when oxidized to sulfur oxide
and to promote photochemical reactions [7–9]. In addition,
in the past decades, much attention was drawn to the sources
and sinks of carbonyl sulfide (COS) in the atmosphere due to
the important role of COS in the formation of stratospheric
sulfate aerosols [10–15]. Therefore, the removal of carbonyl
sulfide is the main problem to solve in the process of feed gas
deep purification.
Currently, the principal methods of carbonyl sulfide
removal include hydrogenation, hydrolysis, absorption, adsorption, photolysis, and oxidation, [16–22]. Hydrolysis
method, which has the advantages of low reaction temperature, no consumption of the hydrogen source, and few
side effects, attracts a lot of researches at home and abroad.
Carbonyl sulfide hydrolysis research mainly includes two
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aspects: (1) research and development of hydrolysis catalyst;
(2) research on reaction kinetics and mechanism. The two
complement each other and promote each other. The preparation of the catalyst is to use a suitable carrier load on a certain
amount of an active ingredient. At present, the carriers of
COS hydrolysis catalysts mainly contain two categories: (1)
metallic oxides, including a composite metal oxide such as
𝛾-Al2 O3 , TiO2 and manganese iron composite metal oxides;
(2) nonmetallic oxides, mainly refer to activated carbon.
Active ingredients which can load on the carrier include
alkali metal, alkaline earth metal, transition metal oxides, rare
earth metal oxides, mixed metal oxide, and nanoscale metal
oxides. Some catalysts with relatively superior performance
have been researched and developed at home and abroad so
far.
The researches on reaction kinetics and mechanism not
only can accelerate the development of hydrolysis catalyst
with good performance and high activity, but also can provide
a theoretical basis for the reactor design. Consequently,
domestic and foreign researchers researched and developed
catalyst. They also studied the carbonyl sulfide hydrolysis
reaction kinetics and mechanism and made a number of
research achievements.
In this paper, the development of catalyst for carbonyl
sulfide catalytic hydrolysis, reaction kinetics, and reaction
mechanism has been summarized systematically.

2. Catalysts for COS Hydrolysis
2.1. Catalyst Carrier. Great catalyst carrier should have
proper specific surface area, good heat resistance, and
mechanical strength. At the moment, COS hydrolysis catalyst
carrier basically has two kinds. One is a delegate with
Al2 O3 and TiO2 metal oxides. Another kind of non-metallic
oxide is a delegate with activated carbon. In addition, with
the development of material science, the researchers also
have developed many new types of catalyst carrier, such as
cordierite.
2.1.1. Metal Oxide. Metallic oxide carrier of COS hydrolysis
catalyst refers mainly to Al2 O3 and TiO2 . In addition, FeMn metal oxides have obtained the good effect in COS
removal. Among them, the Al2 O3 as the present study more
in-depth and widely used catalyst has some characteristics
of large specific surface area, high surface activity, good
thermal stability, and so forth. Al2 O3 itself has a certain
activity for the hydrolysis of COS. The patent CN1069673
introduces a kind of Al2 O3 catalyst in which COS hydrolysis
conversion rate would be 51.2% under the condition of not
adding any additives [28, 29]. However, this kind of catalyst
sulphate resistance is poorer. We increase surface alkali center
number and intensity by dipping a certain amount of alkaline
components on the surface to that further improve the COS
hydrolysis activity and to improve the service life and the
catalytic properties such as resistance to poisoning [30].
Al2 O3 itself is same as TiO2 to have COS hydrolysis function,
and its sulfate resistance is better than Al2 O3 .
The catalyst with TiO2 as the carrier has a great activity, and high mechanical strength at low temperature [31].
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Figure 1: Hydrolysis of COS on the hydrotalcite-derived oxides.

Although the specific surface area of TiO2 is low, the price
is high; it is not an easy molding industry, and the industrial
applications are chief based on A12 O3 catalyst. However, by a
small amount of TiO2 modulation, the A12 O3 catalyst ability
greatly enhanced resistance to sulfur poisoning. Composite
carrier was found that it is of granular distribution and good
dispersion by scanning electron microscope.
In recent years, the mixed oxides derived from hydrotalcite-like compounds (HTLCs) as catalysts received much
attention in view of their unique properties [32]. HTLCs, also
known as layered double hydroxides (LDHs), are a family of
anionic clays. The chemical composition can be represented
by the following general formula: [M(II)1−𝑥 M(III)𝑥 (OH)2 ]𝑥+
(A𝑛− )𝑥/𝑛 ⋅mH2 O, where M(II) and M(III) are divalent and
trivalent cations in the octahedral positions within the
hydroxide layers, x is the molar ratio M(III)/Mtotal , and its
value ranges between 0.17 and 0.33. A𝑛− is an exchangeable
interlayer anion [33, 34]. HTLCs calcined at high temperatures will lose crystal water, and the interlayer anions and
hydroxyl will be removed too. Therefore, the hydrotalcitelike layered structures will be destroyed, the surface area will
increase, and the metal oxides are obtained.
In our previous studies, we found that the mixed oxide
derived from HTLCs is a kind of potential catalysts for the
hydrolysis of COS at low temperature (Figure 1). The catalyst
performance was strongly related to the synthesis of pH and
calcination temperature. In general, COS was hydrolyzed to
H2 S, which is depending on the chemistry of the derived
oxides. The end products of hydrolysis were simple substance
S and sulfate. The presence of oxygen will accelerate the
formation of the final product [35–43].
2.1.2. Activated Carbon. Activated carbon has become to be
an ideal catalyst carrier because of its high specific surface
area, the large pore volume, the large variety of surface
functional groups, and good electron conductivity. However,
the activity to remove COS for unmodified activated carbon
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is very low and its sulfur capacity is small; therefore, it
must be modified. Activated carbon has not only excellent
COS conversion rate, but also can remove H2 S effectevily
by using carbonates and other active ingredients to modify
[44]. The 3018 desulfurizer developed by Dalian Institute of
Chemical Physics showed a better removal COS performance
at a temperature of about 80∘ C, the product was elemental
sulfur [45, 46].
In our previous study, a series of microwave coal-based
active carbon catalysts loaded by metal oxides were prepared
by a sol-gel method and tested for the catalytic hydrolysis
of COS at relatively low temperatures. The influences of
preparation conditions on catalytic activity were studied,
which were the kinds and amount of additive, calcination
temperatures, and types and content of alkali [47–51].
2.1.3. Special Carrier. Yan et al. have used honeycomb cordierite as the carrier in the experiment [52]. The cordierite
was polished to form the pillar-shaped carrier, the desulfurizer which was made by using the method of dipping
to make Al2 O3 slurry load cordierite exhibit good desulfurization effect. The result indicated the following: COS
hydrolysis activity gradually increases with the increase of
the loading of 𝛾-Al2 O3 and La(OH)3 at low temperatures;
airspeed has greater impact on the activity of the catalyst;
La-Al/honeycomb cordierite catalyst has good antioxidant
properties; the presence of O2 made the single loaded 𝛾Al2 O3 catalyst lose some activation, while the catalyst which
was combined with La-Al has not been affected; it indicated
that La(OH)3 is COS hydrolysis catalyst which has higher
antioxidant.
2.2. Active Ingredients
2.2.1. Alkali Metal and Alkaline Earth Metal. Alkali metal and
alkaline earth metal which are supported on 𝛾-Al2 O3 can
modulate the distribution of the amount of alkali and base
intensity, and they played slightly different roles: the alkali
metal can modulate the amount of alkali apparently, while
the alkaline earth metal can modulate the distribution of base
intensity apparently.
George et al. found that a small amount of NaOH plays a
significant role in promoting the COS hydrolysis; the initial
rate of Co-Mo/Al2 O3 catalyst which was impregnated by
3.9% NaOH can increase by 25 times at 230∘ C [23]. Li and
Tan et al., and so forth, prepared a series of catalysts by
using oxides which were impregnated with alkali metal and
alkaline earth metal, and they sorted the catalytic activity by
doing experiments: Cs2 O/𝛾-Al2 O3 > K2 O/𝛾-Al2 O3 , BaO/𝛾Al2 O3 > Na2 O/𝛾-Al2 O3 , and CaO/𝛾-Al2 O3 > MgO/𝛾-Al2 O3 .
The catalytic activity was also related to the amount of loaded
metal oxides, and the activity reached the highest when the
mole fraction is about 5% [53, 54].
2.2.2. Transition Metals, Composite Metal Oxides, and
Nanometals. Tong associated the activity of Al2 O3 catalyst
(a transition metal) with the position of transition metal
promoter M in the periodic table, found the relationship
of catalyst activity and the combination ability of the M–S
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bond, and concluded that Iron as the active component of
the catalyst on the COS has the highest catalytic activity [55].
West et al. loaded a series of metal ions (Fe3+ , Co2+ , Ni2+ ,
Cu2+ , and Zn2+ ) to the Al2 O3 plate. It was shown that Cu2+
has the catalyst activity only at the beginning of the reaction
[56, 57]. In addition, researchers found that loading a variety
of active components to the unified carrier can achieve better
results. Wang et al. investigated a ferromanganese composite
metal oxide by the coprecipitation method. It was shown
that this desulfurizer has high-precision removal of COS
and larger sulfur capacity in a strong reducing atmosphere.
They also found that the desulfurization accuracy of the
catalyst is greatly improved, while the nickel oxide and
cerium oxide are added. The COS concentration of the
outlet was less than 0.1 × 10−6 ; adding zinc oxide achieved
a greater improvement of sulfur capacity [58]. With the
development of nanotechnology, nanomaterials has began to
be applied to the development of COS hydrolysis catalyst. Gao
et al. investigated catalyst with 𝛼-FeOOH nanoparticles as
the active ingredient, which was prepared by homogeneous
precipitation method, the ammonia titration. They found
that it has a good effect on the COS hydrolysis and a high
activity under the condition of low temperature and high
space velocity. Two series of catalysts achieved the 100%
conversion of COS at the temperature of 60∘ C and 40∘ C–
45∘ C, respectively, [59, 60].
2.2.3. Rare Earth Metal Oxides. Colin Rhodesa et al. studied
the synergistic effects of rare earth elements and alkaline rare
earth accelerator on the Al2 O3 plate. Through the analysis
of DRIFT spectrum, it was shown that the role of hydroxyl
groups on the surface composite catalyst is similar to pure
Al2 O3 , and it was concluded that accelerator can provide
high stable cation to the catalyst [61]. Zhang et al. initially
investigated the hydrolytic activity of the rare earth series
of sulfur oxides and divided the rare earth oxides into three
categories, according to hydrolytic activity of COS: (1) high
hydrolytic activity: La, Pr, Nd, and Sm; (2) high hydrolytic
activity: Eu; (3) low hydrolytic activity: Ce, Gd, Dy, Ho, and
Er, with the following order: La ≈ Pr ≈ Nd ≈ Sm > Eu >
Ce > Gd ≈ Ho > Dy > Er. In addition, rare earth sulfur
oxides showed a good oxidation resistance. Some researchers
found that increasing temperature is conducive to improve
the antioxidant capacity of the catalyst, but a certain amount
of SO2 will lead to a decrease in catalyst activity, and it is a
reversible inactivation [62–64].

3. Reaction Kinetics of COS Hydrolysis
Researches on catalytic hydrolysis reaction kinetics of carbonyl sulfide include establishing the kinetic equations of
chemical reactions and determining the controlling step of
hydrolysis. Dynamic models reported in articles are different
because of the difference in research conditions.
At present, most researchers hold that the catalytic
hydrolysis of COS is a first-order reaction with respect to
carbonyl sulfide, while the reaction order of water changes as
the reaction conditions change. The controlling steps are also
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different because the reaction conditions such as concentration of carbonyl sulfide, reaction temperature, water-air ratio,
and reaction atmosphere are different.
Fiedorow et al. [65] studied the hydrolysis of carbonyl
sulfide on pure alumina and base modified alumina, respectively. They concluded that the catalytic hydrolysis of carbonyl
sulfide is a first-order reaction with respect to carbonyl sulfide
and a zero-order reaction with respect to water. George [66]
also reached the same conclusion by studying the hydrolysis
of carbonyl sulfide on Co-Mo-Al catalyst.
Tong et al. [67] studied the hydrolysis of carbonyl sulfide
under medium temperature conditions and concluded that
the catalytic hydrolysis of carbonyl sulfide is a first-order
reaction with respect to carbonyl sulfide, while the reaction
order of water is influenced by the partial pressure of water.
When the partial pressure of water is 0.1–0.26, the reaction
order of water is 0.4. When the pressure is higher than 0.26,
the reaction order of water is −0.6. The controlling step under
low temperature is the adsorption of carbonyl sulfide or the
formation of reaction intermediated by adsorbed carbonyl
sulfide and water. Chan and Dalld [68] studied the hydrolysis
of carbonyl sulfide on Kaiser Kas201 catalyst. They adopted
the single factor experiment method and drawn the same
conclusion as Miroslav et al. [69] who studied the hydrolysis
reaction kinetics of carbonyl sulfide on Co-Mo-Al catalyst
and Al2 O3 catalyst. They concluded that when the reaction
temperature is 150 centigrade and when the volume fraction
of carbonyl sulfide, hydrogen sulfides and carbon dioxide
are 0.22%, 0.1%, and 0.01%, respectively, the hydrolysis rate
remains unchanged as the fraction of water vapour increases
from 0.2% to 2.5%. Thus, the reaction order of water is zero.
Liang et al. [70] studied the hydrolysis of carbonyl sulfide
on TGH-2 catalyst and found that when the water-air ratio
is greater than 80, the reaction order of water is negative.
Their explanation is that the micropore is blocked due to its
condensation, so the reaction process cannot continue. Lin
et al. [71] studied the hydrolysis of carbonyl sulfide under the
conditions of low reaction temperature, high water-air ratio,
and low carbonyl sulfide concentration. They concluded that
the reaction order of carbonyl sulfide is 1, while the reaction
order of water is −0.5. In other words, when the concentration
of carbonyl sulfide is low, it will impede the hydrolysis
process. Their explanations are that the condensation of water
vapor blocks the pore of the catalyst and the two reaction
sites are competitive, in which the adsorption of water on
the basic site results in the decrease of catalytic activity. They
held that the adsorption of carbonyl sulfide is dissociative and
the adsorption isotherm corresponds with the Freundlich
equation. In other words, the adsorption of carbonyl sulfide
is the controlling step of the reaction.
Guo et al. [72] studied the hydrolysis of carbonyl sulfide
on TGH-3Q catalyst and measured adsorption isotherm
of carbonyl sulfide and water under the temperature of
20–70 centigrade. They concluded that the adsorption of
carbonyl sulfide is dissociative and the adsorption isotherm
corresponds with the Freundlich equation. The adsorption
isotherm of water also corresponds with the Freundlich equation. However, the adsorption of carbonyl sulfide increases
as the temperature increases, while the adsorption of water
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decreases as the temperature increases. The intrinsic kinetic
equation of the hydrolysis is as follows:
1
−0.5
𝐶H
×
𝑅 = 𝑘𝐶COS
2O

1
1 + 𝐾𝐶CO2

𝑘 = 1.82 × 1014 𝑒−75800/𝑅𝑇

(1)

𝐾 = 486𝑒6000/𝑅𝑇 .
In the equation, 𝑅 means reaction rate; 𝑘 means constant
of reaction rate; 𝐾 means adsorption constant of carbon
dioxide; 𝐶 means concentration of reactants.
The equation shows that the catalytic hydrolysis of
carbonyl sulfide is a first-order reaction with respect to
carbonyl sulfide. And the water is essential as the hydrolytic
agent; however, excessive water will impede the reaction
process. Besides, the hydrolysis speeds up as the temperature
increases. Finally, the hydrolysis of carbonyl sulfide is controlled by surface adsorption.
By adopting the inner-recycle nongradient reactor, Liang
et al. [70] studied the catalytic hydrolysis of carbonyl sulfide
and found that the possibility of carbonyl sulfide to be
adsorbed increases due to the high cycle ratio. Therefore, they
concluded that hydrolysis is determined by surface reaction.
By adopting the inner-recycle non-gradient reactor under
the reducing atmosphere, Li et al. [73] studied the catalytic
hydrolysis of carbonyl sulfide on 𝛾-906 catalyst and found
that the reaction orders of carbonyl sulfide and water are 0.66
and 0.06, respectively. They held that hydrolysis is controlled
by both the internal diffusion and the chemical reaction.
Williams et al. [74] found that the reaction kinetics
of carbonyl sulfide also corresponds with the LangmuirHinshelwood equation. They held that the reactants are
adsorbed on the surface of the catalyst, and the reaction
between adsorbed carbonyl sulfide and water is the controlling step of the hydrolysis. By doing significance analysis,
Tong S found that the Eley-Rideal model is more significant to
the result compared with the Langmuir-Hinshelwood model.

4. Reaction Mechanism of COS Hydrolysis
The main hydrolysis reaction mechanism is shown as follows:
COS + H2 O → CO2 + H2 S

(2)

At present, it is widely believed that the hydrolysis of carbonyl
sulfide belongs to base-catalyzed reaction, and the force of the
base site has an important effect on the hydrolysis of carbonyl
sulfide.
Williams et al. [74] have already studied the effect of
surface alkalinity of alkali on the hydrolysis of carbonyl
sulfide. They proposed the concerted mechanism to describe
the hydrolysis of carbonyl sulfide (Figure 2). They held that
hydroxyl and water exist on the surface of catalyst, and
carbonyl sulfide is adsorbed due to ion-dipole interaction.
The base site is the active site of carbonyl sulfide’s hydrolysis.
By adopting the IR spectrum method, Rhodes et al. [61]
studied the hydrolysis of carbonyl sulfide on Co-Mo catalyst
and found that the surface of the catalyst is covered partly
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Figure 2: The concerted mechanism as proposed by George [23].

by hydroxyl due to the adsorption of water, and the carbonyl
sulfide is adsorbed due to ion-dipole interaction. Then, the
Hydrogen Thiocarbonate (HTC) is formed. HTC is the intermediate product and will decompose into hydrogen sulfide
and carbon dioxide. In the adsorption process, carbonyl
sulfide and water are competitive. By adopting the insitu IR
technology, Laperdrix et al. [75] studied the hydrolysis of
carbonyl sulfide on Al2 O3 catalyst and found that HTC is
formed by the reaction of carbonyl sulfide and hydroxyl is
adsorbed on the surface of the catalyst, which enhances the
polarization of carbonyl sulfide.
By adopting the IR spectrum method, Fiedorow et al. [65]
found that the hydroxyl on the surface of Al2 O3 can adsorb
carbonyl sulfide and the intermediate product is thiocarbonate which will decompose rapidly into hydrogen sulfide
and carbon dioxide. Hydrogen sulfide and carbon dioxide
are competitive in the adsorption process. Furthermore, they
discovered that the activity of the catalyst decreases in acidic
conditions, while it increases in alkaline conditions. They
proposed the following reaction mechanism:
H2 O + Θ ←→ H2 O ⋅ Θ
H2 O ⋅ Θ + COS (g) ←→ Η2 S ⋅ Θ + CO2 (g)
Η2 S ⋅ Θ ←→ Η2 S + Θ

(3)

Θ : active site.
Wang [76] studied the hydrolysis of carbonyl sulfide on
mixed metal oxides and proposed the following hydrolysis
mechanism of carbonyl sulfide:
COS + Θ = COS ⋅ Θ
H2 O + Θ = H2 O ⋅ Θ
H2 O ⋅ Θ + COS ⋅ Θ = H2 S ⋅ Θ + CO2 ⋅ Θ
H2 S ⋅ Θ = H 2 S + Θ

CO2 ⋅ Θ = CO2 + Θ
Θ : active site.
(4)
Additionally, researchers found that the base strength on
the surface of the catalyst has an important effect on the
hydrolysis of carbonyl sulfide. By adopting the FTIR spectrum and quantum chemistry methods, Hoggan et al. [77]
studied the hydrolysis of carbonyl sulfide on Al2 O3 catalyst
and found that hydrolysis proceeds much easier on sodium
meta aluminate, which does not have bronsted acid. They
concluded that carbonyl sulfide is mainly adsorbed on the site
of weak base. Li et al. [78] studied the hydrolysis of carbonyl
sulfide on alkali-modified 𝛾-Al2 O3 catalyst and found that
distribution of base strength on the surface of the catalyst
is related to the distribution of energy on the surface. They
concluded that the effective range of base strength in the
hydrolysis is between 4.8 and 9.8.
By adopting the CO2 -TPD, Shangguan and Guo [79]
studied the properties of the alkaline site on three kinds of
Al2 O3 catalyst and studied the hydrolysis of carbonyl sulfide
and carbon disulfide. They found that the kinds, amounts,
and strength of alkaline sites are different. The alkalescent
site is the active site of the carbonyl sulfide’s hydrolysis. The
amount and strength of alkalescent site can be increased by
supporting Pt and K2 O on the surface of the catalyst; thus,
the hydrolysis activity of the catalyst can be increased.
Hong He’s group conducted in-depth studies on the
reaction mechanism of the COS hydrolysis and they have
achieved good results. By studying the oxygen toxicity mechanism of catalyst, they found that the hydroxyl on the surface
of the catalyst plays an important role in the hydrolysis and
the intermediate product is thiocarbonate. They reported that
the reaction mechanism of COS on mineral oxides can be
summarized as shown in Figure 3.
In Figure 3, gaseous carbon dioxide (CO2 ), hydrogen
sulfide (H2 S), sulfur dioxide (SO2 ), surface sulfite (SO3 2− ),
and sulfate (SO4 2− ) were found to be the gaseous and surface
products, respectively. Hydrogen thiocarbonate (HSCO2 − ,
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Figure 3: The concerted mechanism as proposed by He et al. [9, 24–
27].

HTC) was proposed to be the crucial intermediate for both
the oxidation and the hydrolysis pathway [24–27, 80].

5. Conclusions
At present, the catalytic hydrolysis method is the main
method to remove carbonyl sulfide. It has many advantages,
such as low energy consumption, easy operation and less
side reaction. The main task is to develop a new kind of
catalyst which is highly active, highly stable, and highly
antipoisoning. The catalyst carrier basically has two kinds.
One is a delegate with Al2 O3 and TiO2 metal oxides. Another
kind of nonmetallic oxide is a delegate with activated carbon.
Alkali metal and alkaline earth metal which are supported
on 𝛾-Al2 O3 can modulate the distribution of the amount
of alkali and base intensity. Regarding the production of
catalytic hydrolysis of COS, the simple substance S and
sulfate can be formed on the catalyst’s surface, and the
activity of the catalyst decreased when the S/SO4 2− species
accumulated on the catalyst’s surface. With the introduction
of stringent requirements to reduce the sulfur content in
industrial feed gas, the fresh impetus is being given to
modifying and improving the existing preparation method
of the hydrolysis catalyst. By studying the reaction kinetics
and reaction mechanism, researchers can find better ways
to develop the catalyst and to establish the desulfurization
process. Therefore, the focus of reaction kinetics and reaction
mechanism is to establish kinetic models under different
conditions and to determine the effect of various kinds of
factors and to clarify the path of the reaction.
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This paper analyses the treatment effect of the “coagulation-sedimentation-O3 -biological sand filtration-GAC” combined process
on phthalic acid esters in secondary effluent of municipal wastewater treatment plant and meanwhile evaluate its health risk. The
results indicated that when the concentrations of DBP and DiOP in secondary effluent were at range of 0.41 mg/L–0.814 mg/L and
0.23 mg/L–0.36 mg/L, the average total removal rates of DBP and DiOP were 85.10% and 68.11%, and the average concentration
of DBP and DiOP in effluent were 0.089 mg/L and 0.091 mg/L, respectively. The quality of the effluent met the requirement of the
ornamental scenic environment water in The Quality of Urban Wastewater Recycling and Scenic Environment Water (GB/T 189212002), and the health risks of DBP and DiOP in effluent were at range of 1.99 × 10−12 –2.15 × 10−12 /a and 1.48 × 10−11 –1.85 × 10−11 /a,
respectively, which is lower than the acceptable maximum risk level: 1.0 × 10−6 .

1. Introduction
With the development of reclaimed water returning to
agricultural irrigation, industrial cooling, urban landscape,
and so forth, people increasingly are concerned about PAEs’
impact on human health [1]. Six compounds in PAEs have
been listed by USEPA as precedence-controlled pollutants
three compounds have been listed by environmental protection bureau of our country as environmental priority
pollutants [2, 3]. At present, PAEs have also been detected
in ecosystem of many industrial countries around the world
[4]. PAEs are a kind of endocrine disrupting chemicals which
exists in environment; it is toxic and can enter into human
body, strengthen the possibility of damaging the human
chromosome, and block the normal growth of human and
animal and regeneration of white blood cells of human [5,
6]. It can cause cancer, teratogenesis, and mutagenicity [7,
8]. For this reason, it is vital to research on the removal
of phthalic acid esters in reclaimed water and analyse its
health risk. This paper studies adsorption and removal

effect of the “coagulation-sedimentation-O3 -biological sand
filtration-GAC” combined process on phthalic acid esters
in secondary effluent from municipal wastewater treatment
plant and evaluates the risk of effluent returning to landscape
water on human health.

2. Raw Water Quality and Methods
2.1. Quality of the Raw Water. The raw water came from secondary effluent of a wastewater treatment plant, and conventional water quality indexes during the test are shown in
Table 1.
2.2. Experimental Process. The process flow is shown in
Figure 1. Secondary effluent was pumped by pump to raw
water tank, it flowed into inclined tube settler after mixed
with chemicals and then flowed into ozone contact column,
and finally the effluent flowed into sand filter column and
active carbon column. The regular running parameters of

2

The Scientific World Journal
Table 1: The quality of raw water.

Water quality index

Water temperature (∘ C)

pH

Turbidity (NTU)

CODMn (mg/L)

Chroma (degree)

UV254 (cm−1 )

20–28

7-8

1–10 (5.6)

5–30 (13.4)

10–50 (29.7)

0.1–0.25 (0.164)

Variation range
Numbers in ( ) are average value.

Adding coagulant

The secondary
effluent from
WWTP

4
22

1

3

2

6

5

22
17

9

10
21

21
18

12
19

15
20 19

7
13

Effluent
11

8

16
20

14

Figure 1: Process flow chart: (1) raw water tank; (2) submersible sewage pump; (3) grit chamber; (4) mixing tank; (5) peristaltic pump; (6)
coagulative precipitation tank; (7) ozonation contact column; (8) ozone release tank; (9) sand filter column; (10) active carbon; (11) solution
tank; (12) air compressor; (13) ozone generator; (14) backwash return pump; (15) sand filter column water outlet; (16) active carbon column
water outlet; (17) magnetic valve; (18) sample tap; (19) back wash water inlet; (20) back wash water inlet; (21) back wash air inlet; (22) stirrer.

2.4. Experiment Methods. The water turbidity was determined by turbidity meter (2100P) of HACH. Chromaticity (UV400 ) and ultraviolet absorbency degree (UV254 )
were determined by ultraviolet spectrophotometer (domestic
UV1102). CODMn was determined by potassium permanganate method [2].
Through analyzing the type and concentration of PAEs,
two typical types of PAEs were studied: DBP (C16 H22 O4 ,
molecular weight 278.15) and DiOP (C24 H38 O4 , molecular
weight 390.28), and gas chromatograph (HP6890/5973)
from Agilent Technologies (USA) was used in this experiment. The health risk was measured by the reference dose of
the compound exposure.
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2.3. Experimental Process. The process flow is shown in
Figure 1. Secondary effluent was pumped by submersible
sewage pump to raw water tank, it flowed into inclined
tube settler after being mixed with chemicals and then
flowed into ozone contact column, and finally the effluent
of ozone contact column flowed into sand filter column and
active carbon column. The regular running parameters of
the experiment are as follows: optimal ozone dosage: 3 mg/L;
hydraulic loading of sand filter column: 6 m3 /m2 ⋅h; hydraulic
loading of active carbon column: 5 m3 /m2 ⋅h.

1
DBP (mg·L−1 )

the experiment are as follows: optimal ozone dosage: 3 mg/L;
hydraulic loading of sand filter column: 6 m3 /m2 ⋅h; hydraulic
loading of active carbon column: 5 m3 /m2 ⋅h.

0

Raw water
Effluent of coagulating sedimentation
Effluent of ozone
Effluent of GAC
The total removal rates

Figure 2: The removal effect of DBP in water by combined process.

3. Analysis on the Removal of PAEs by
Combined Process
“Coagulation-sedimentation-O3 -biological sand filter-GAC”
combined process was adopted to degrade DBP, DiOP in
secondary effluent. The concentration and removal rate of
DBP and DiOP in each unit of the combined process were
shown in Figures 2 to 5.
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Figure 3: The removal effect of DBP in water by each processing
unit of combined process.
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Figure 5: The removal effect of DiOP in water by each processing
unit of combined process.
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Figure 4: The removal effect of DiOP in water by combined process.

As shown in Figures 2 and 4, when DBP and DiOP in
secondary effluent were at range of 0.41 mg/L–0.814 mg/L
and 0.23 mg/L–0.36 mg/L, respectively, the removal rates
of DBP and DiOP by combined process were at range of
80.79%–88.18% and 65.54%–72.15%, respectively. Average
total removal rates were 85.10% and 68.81%, respectively, and
the concentrations of DBP and DiOP in effluent of the process
were at range of 0.078 mg/L–0.099 mg/L and 0.079 mg/L–
0.100 mg/L, respectively, while average concentrations were
0.089 mg/L and 0.091 mg/L, respectively. From Figures 3 and
5, the removal rates of DBP and DiOP in raw water of
coagulating sedimentation unit were at range of 8.08%–
10.94% and 5.54%–7.18%, respectively, and average removal
rates were 9.92% and 6.25%, respectively. The removal rates
of DBP and DiOP in effluent of coagulating sedimentation
by ozone contact unit were at range of 26.33%–31.58% and
16.78%–20.98%, respectively, and average removal rates were
28.99% and 19.05%, respectively; the removal rates of DBP
and DiOP in effluent of ozone contact column by biological
sand filter column were at range of 20.01%–23.51% and
16.21%–17.68%, respectively, and average removal rates were
22.01% and 17.05%, respectively. The removal rates of DBP and
DiOP in effluent of biological sand filter column by active

carbon column unit were at range of 64.53%–74.89% and
46.05%–58.67%, respectively, and average removal rates were
70.28% and 51.36%, respectively. From the total removal rates
in Figures 3 and 5, we can see that the removal rate of DBP
by combined process is larger than the removal rate of DiOP
by combined process due to the reason of molecular weight
of DBP being lower than that of DiOP, and small molecular
substances are more easily to be oxidated and absorbed by
ozone unit and active carbon unit [4]. By the experimental
analysis from Figures 2 to 5, we can see that the removal of
trace organic substance sedimentation works by flocculating
constituent; it can be removed by the sedimentation of flocculating constituent which is by the formation of flocculation
of suspended particle and colloid in water, and this is mainly
because PAEs are a kind of hydrophobic organic compounds
which show a strong affinity with the surface of inorganic
mineral [10]. Strong oxidizing property of ozone can change
the structure of trace organic substances and disconnect
their chemical bonds, and DBP and DiOP can be degraded
to phthalic acid lipid, phthalic acid, or even low molecular
weight organic matter such as aldehyde, ketone, and acid,
and meanwhile strengthen the degradation property of the
following biological sand filter and the absorption property
of the active carbon. Biological sand filter column unit works
by the degradation property of the microorganism and the
physical entrapment property of the sand filter; meanwhile it
reduces the burden of the following active carbon column and
extends the lifespan. Active carbon can eradicate the organic
matters where the molecular size as well as polarity after
oxidation is similar to the physical property; active carbon has
a certain effect on the removal of trace organic substances.

4. Evaluation on Health Risk of PAEs
4.1. Computing Method of Health Risk. According to the Integrated Risk Information System (IRIS) from USEPA, DBP
and DiOP are noncarcinogens, and their exposure reference
doses are 1.00 × 10−1 mg/(kg⋅d), and 2.00 × 10−2 mg/(kg⋅d)
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Table 2: PAEs’ health risk calculating table.

Calculating parameters

Values

Note

Concentration of the pollutants 𝐶 (mg/L)

(𝜇, 𝜎)

Follow Gaussian distributions

Reference dose mg/(kg⋅d)

RfD

By mouth

Exposure volume at one time 𝑉 (mL)

100

Exposure times per year (𝑛)

40

Average body weight (kg)

70

Average lifespan (a)

70
𝑑 = (𝑛 × 𝑉 × 10−3 × 𝐶)/365 × 70

Average exposure dose per unit of body mass

𝑃 = 𝑑 × 10−6 /RfD

Lifelong health risk 𝑃
Individual health risk Pa

Pa = 𝑃/70

Maximum acceptable risks [9]

1.0 × 10−6

Concentration (mg·L−1 )

Table 3: The quantile table of the life risk and the annual risk of
DiOP.

y = 0.008x + 0.0911

0.10
0.10

y = 0.0077x + 0.0897

0.09
0.09
0.08
0.08
0.07
−2

0
1
−1
Quantile of standard normal distribution

2

DiOP
DBP

Figure 6: Q-Q graph of DBP and DiOP in effluent of combined
process.

respectively. The mathematical model of health risk evaluation on sole non carcinogens chemicals is as follows [11]:
𝑃=

𝐷
× 10−6 ,
(RfD × 70)

(1)

where 𝑃 is the individual health risk when certain health risk
happens, dimensionless; 𝐷 is exposure dose per day on body
weight unit of non carcinogens pollutants, mg/(kg⋅d); RfD is
reference dose of certain chemical substance with threshold,
mg/(kg⋅d).
Analytical calculations of PAEs’ health risks are shown in
Table 2.
The dose and reaction relations of the trace pollutants
need to be determined before this calculation method was
applied, by using Q-Q graphs which satisfy Gaussian distribution to determine whether DBP and DiOP satisfy Gaussian
distribution. Q-Q graph of DBP and DiOP in combined
process is shown in Figure 6.
From Figure 6, it can be seen that Q-Q graph of DBP and
DiOP shows a straight line which means that two substances
follow Gaussian distribution.

Quantile
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

DBP
𝑃
Pa
1.39𝐸 − 10
1.99𝐸 − 12
1.40𝐸 − 10
2.01𝐸 − 12
1.42𝐸 − 10
2.02𝐸 − 12
1.43𝐸 − 10
2.04𝐸 − 12
1.44𝐸 − 10
2.05𝐸 − 12
1.45𝐸 − 10
2.07𝐸 − 12
1.46𝐸 − 10
2.08𝐸 − 12
1.47𝐸 − 10
2.10𝐸 − 12
1.48𝐸 − 10
2.12𝐸 − 12
1.49𝐸 − 10
2.13𝐸 − 12
1.50𝐸 − 10
2.15𝐸 − 12

DiOP
𝑃
Pa
7.12𝐸 − 10
1.02𝐸 − 11
7.19𝐸 − 10
1.03𝐸 − 11
7.25𝐸 − 10
1.04𝐸 − 11
7.31𝐸 − 10
1.04𝐸 − 11
7.37𝐸 − 10
1.05𝐸 − 11
7.44𝐸 − 10
1.06𝐸 − 11
7.50𝐸 − 10
1.07𝐸 − 11
7.56𝐸 − 10
1.08𝐸 − 11
7.62𝐸 − 10
1.09𝐸 − 11
7.69𝐸 − 10
1.10𝐸 − 11
7.75𝐸 − 10
1.11𝐸 − 11

4.2. Health Risk of DBP and DiOP. According to health risk
computing model, the risks of DBP and DiOP are shown in
Table 3.
From Table 3, it can be seen that the health risks of DBP
and DiOP on human were at range of 1.99 × 10−12 –2.15 ×
10−12 /a and 1.02 × 10−11 –1.11 × 10−11 /a, respectively, which is
lower than internationally recognized ignorable level, so the
health risk of DBP in effluent can be ignored [11]. Then it
can be concluded that the “coagulation-sedimentation-O3 biological sand filter-GAC” combined process is feasible to
treat the secondary effluent.

5. Conclusion
The recycling of municipal wastewater treatment plant’s
secondary effluent is a better way to alleviate the shortage
of water resources. It can save the limited fresh water
resources effectively. A combined process of “coagulationsedimentation-O3 -biological sand filtration-GAC” was
adopted to treat the secondary effluent, and the removal
of phthalic acid esters and its health risk evaluation by
combined process were investigated.
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(1) The average removal rate of DBP in influent by
coagulation sedimentation units was 9.92%; the average removal rate of DBP in effluent of coagulating
sedimentation by ozone column unit was 28.99%;
the average removal rate of DBP in effluent of ozone
contact column by biological sand filter column was
22.01%; the average removal rate of DBP in effluent
of biological sand filter by active carbon unit was
70.28%.
(2) The average removal rate of DiOP in influent of
the process by coagulating sedimentation unit was
6.25%; the average removal rate of DiOP in effluent of
coagulating sedimentation by ozone contact column
unit was 19.05%; the average removal rate of DiOP in
effluent of ozone by biological sand filter column was
17.05%; the average removal rate of DiOP in effluent of
biological sand filter column by active carbon column
was 51.36%.
(3) The removal rate of DBP by combined process was
higher than that of the removal rate of DiOP due
to the high molecular weight of DiOP, and small
molecular substances were more easily oxidized and
absorbed by ozone contact column unit the organic
matter with small molecular weight can be easily
degraded by sand filter.
(4) The concentration of DBP and DiOP in effluent of the
combined process follows Gaussian distribution (QQ graph shows a straight line), and the health risk on
human was at range of 1.99 × 10−12 –2.15 × 10−12 /a and
1.02 × 10−11 –1.11 × 10−11 /a, respectively.
(5) The average removal rates of DBP and DiOP in secondary effluent by “coagulation-sedimentation-O3biological sand filter-GAC” combined process were
85.10% and 68.81%, respectively, the average removal
rates of DBP and DiOP in effluent were 0.089 mg/L
and 0.091 mg/L, respectively, and the quality of
effluent met the standard of The Quality of Urban
Wastewater Recycling and Scenic Environment Water
(GB/T 18921-2002); the health risk of DBP and DiOP
in effluent was lower than the maximum human
acceptable risk level: 1.0 × 10−6 .
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To develop urban stormwater management effectively, characterization of urban runoff pollution between dissolved and particulate
phases was studied by 12 rainfall events monitored for five typical urban catchments. The average event mean concentration (AEMC)
of runoff pollutants in different phases was evaluated. The AEMC values of runoff pollutants in different phases from urban
roads were higher than the ones from urban roofs. The proportions of total dissolved solids, total dissolved nitrogen, and total
dissolved phosphorus in total ones for all the catchments were 26.19%–30.91%, 83.29%–90.51%, and 61.54–68.09%, respectively.
During rainfall events, the pollutant concentration at the initial stage of rainfall was high and then sharply decreased to a low value.
Affected by catchments characterization and rainfall distribution, the highest concentration of road pollutants might appear in the
later period of rainfall. Strong correlations were also found among runoffs pollutants in different phases. Total suspended solid
could be considered as a surrogate for particulate matters in both road and roof runoff, while dissolved chemical oxygen demand
could be regarded as a surrogate for dissolved matters in roof runoff.

1. Introduction
With rapid urbanization and industrialization, surface water
quality of urban watersheds has deteriorated gradually in
many cities of the world. To tackle this problem, much
attention has been paid to reducing pollutant loads of point
sources. However, the water quality has not been improved
obviously [1]. Urban runoff has been considered as one of the
primary causes of water quality degradation [2, 3]. And along
with the expansion of point sources control, the contribution
of water quality degradation from urban runoff pollution is
increasing.
Understanding the characteristics of urban runoff pollution is beneficial to develop urban stormwater management
effectively. Due to the randomicity of natural rainfall and the
complexity of urban catchments, urban runoff pollution is
characterized by the occurrence of great temporal and spatial
variability [4]. Urban runoff pollutants are divided into six
specific groups, such as solids, heavy metals, biodegradable organic matter, organic micropollutants, pathogenic
microorganisms, and nutrients, which are originated mainly
from wet and dry deposition, grind tire debris, vegetation
(leaves and logs), animals (fecal contributions and dead

bodies), fertilizers, and exhaust gas from vehicle, and so forth
[5, 6]. In many literatures on urban runoff pollution, the analyses of measurement parameters were usually carried out on
whole water samples [7–9]. Furthermore, some researchers
deem that particle substances are the main category of
urban runoff pollutants, while particle size distribution on
impervious surfaces in urban environments determines the
characteristics of urban runoff pollution [10–12].
Actually, runoff pollutants in the environment exist
mainly in the form of particulate and dissolved phase,
which is one of leading factors on selection of stormwater
quality control measures [13–15]. However, little information
is available on characterizing the dissolved pollutants in
urban runoff, especially the comparison of runoff pollutants
between particulate and dissolved phase. The main objective
of this study focuses on characterizing the discharge of runoff
pollutants in different phases from urban typical catchments.

2. Materials and Methods
2.1. Study Sites. Handan city is located in the south portion
of Hebei province, China, which is geographically located
between north latitude 36∘ 20 –36∘ 44 and east longitude
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Table 1: Characteristics of urban typical catchments.
2

Study site
Road 1, RD1
Road 2, RD2
Roof 1, RF1
Roof 2, RF2
Roof 3, RF3

Area (m )
900
240
90
140
120

Cover material
Asphalt
Asphalt
Asphalt
Concrete
Tile

Gradient (%)
2.0
1.5–2.0
2.5
3.0
100

Traffic flow (vehicles/h)
1440
400
—
—
—

Cleaning frequency
Once a day
Once a day
—
—
—

—: no person activity and no cleaning.

Table 2: Rainfall dates and related parameters of monitoring events in this study.
No.
1
2
3
4
5
6
7
8
9
10
11
12

Event date
(mm/dd)

Total rainfall
(mm)

Rainfall duration
(min)

Average rainfall intensity
(mm/hr)

Antecedent dry day
(days)

05/20
06/07
06/24
07/02
07/20
07/29
08/01
08/16
09/11
09/14
09/16
10/10

5.5
2.5
10.3
17.9
22.2
58.2
26.4
10.7
32.7
7.0
32.9
3.1

162
86
460
295
65
270
660
60
1140
420
630
140

2.0
1.7
1.3
3.6
20.5
12.9
2.4
10.7
1.7
1.0
3.1
1.3

11
17
16
7
16
8
1
5
1
2
2
2

114∘ 03 –114∘ 40 . In Handan city, the mean annual rainfall
is 558.5 mm and the average annual temperature is 13.5∘ C.
Urban district covered an area of 118.6 km2 in 2009, and its
population was 1.16 million. For this study, two roads and
three roofs were selected as urban typical catchments. The
catchments characteristics were shown in Table 1.
2.2. Monitoring and Sampling. In this study, 12 rainfall events
were collected in 2011. Rainfall data were monitored by a
telemetry rain gauge (SL1, China), which was placed near
all the study sites. Table 2 provided the dates of monitoring
events and related parameters.
The sample collection was performed simultaneously in
five study sites. Road runoff was sampled at stormwater inlets,
while roof runoff was at the bottom of the vertical drain pipes.
At the beginning of runoff generation, samples were collected
at every 5 minutes intervals. When the rainfall duration was
more than 30 minutes, sampling interval would be extended
to 10–30 minutes until the runoff disappeared or water quality
became gradually stable [16]. More than 9 samples were taken
during a rain event.
2.3. Data Analyses. The simples of both road and roof runoff
were tested for total solids (TS), total dissolved solids (TDS),
total chemical oxygen demand (TCOD), dissolved chemical
oxygen demand (DCOD), total nitrogen (TN), dissolved total
nitrogen (DTN), total phosphorus (TP), and dissolved total
phosphorus (DTP). Unfiltered samples were analyzed for
TS, TCOD, TN, and TP, which represent total pollutants

of urban runoff. For determination of dissolved pollutants
represented by TDS, DCOD, DTN, and DTP, the samples
were pretreated by a 0.45 𝜇m Millipore filter membrane [17,
18]. All parameters were analyzed in accordance with standard methods specified in APHA 2005 [19]. Moreover, the
concentration of particulate pollutants which included total
suspended solid (TSS), particulate chemical oxygen demand
(PCOD), particulate total nitrogen (PTN), and particulate
total phosphorus (PTP) could be determined by total ones
minus dissolved ones [20].

3. Results and Discussion
3.1. AEMC of Runoff Pollutants from Different Catchments.
Event mean concentration (EMC) has been widely used to
evaluate the runoff pollution load for receiving waters in an
individual storm event [21], which is given by the following
equation:
𝑇

EMC =

∫0 𝑄𝑡 𝐶𝑡 d𝑡
𝑇

∫0 𝑄𝑡 d𝑡

≈

∑𝑇0 𝑄𝑡 𝐶𝑡 Δ𝑡
∑𝑇0 𝑄𝑡 Δ𝑡

,

(1)

where 𝑇 is rainfall duration; Δ𝑡 is time interval of sampling;
𝑄𝑡 , 𝐶𝑡 are mean runoff quantity and pollutant concentration
at time interval, respectively.
However, affected by rainfall distribution and catchments
types, EMC of urban runoff is significantly variable in
each event or in each catchment [22]. Then, average EMC
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Table 3: AEMC values and proportion of runoff pollutants in different phases.
Parameters∗
TS
TDS
%∗∗∗
TCOD
DCOD
%∗∗∗
TN
DTN
%∗∗∗
TP
DTP
%∗∗∗

RD1∗∗
220
68
30.91
119.98
86.23
71.87
4.27
3.86
90.40
0.67
0.45
67.16

Study sites
RF1∗∗
168
44
26.19
90.15
71.76
79.60
3.89
3.24
83.29
0.47
0.32
68.09

RD2∗∗
185
49
26.49
113.80
75.01
65.91
4.11
3.72
90.51
0.58
0.38
65.52

RF2∗∗
172
51
29.65
75.56
34.99
46.31
3.15
2.68
85.08
0.32
0.21
65.63

RF3∗∗
138
40
28.99
53.72
26.42
49.18
3.21
2.79
86.92
0.26
0.16
61.54

∗

All the parameters units are mg/L except for “%.”
RD1: road 1; RD2: road 2; RF1: roof 1; RF2: roof 2; RF3: roof 3.
∗∗∗
Proportion of dissolved ones in total ones.

(AEMC) was put forward to predict the overall runoff quality
accurately by data from more than one rainfall event [23].
Based on statistical analysis for a total of 645 samples during
12 rainfall events, the AEMC values of runoff pollutants in
different phases were shown in Table 3.
In general, the AEMC values of runoff pollutants in
different phases from urban roads (RD1 and RD2) were
higher than the ones from urban roofs (RF1, RF2, and RF3).
It was suggested that road runoff is more polluted than roof
runoff. Compared with RD2, runoff pollution of RD1 was
more serious because of heavier traffic. Pollution rank of roof
runoff was in the following order: RF1 > RF2 > RF3. It might
be caused that the cover material of RF1 is asphalt, which
was easy to age and chip after a long time use under the
outdoor environment. And low AEMC of RF3 was attributed
to using tile as cover material to a certain extent, because the
production of some pollutants would be reduced by the good
erosion-corrosion resistance of tile roof during the runoff
process.
Furthermore, distributions of runoff pollutants for all the
catchments were similar except for DCOD. The proportions
of TDS, DTN, and DTP in total ones were 26.19%–30.91%,
83.29%–90.51%, and 61.54%–68.09%, respectively. It could
be observed that solids exist as particulate phase in urban
runoff. Conversely, dissolved matters are the mainly existing
phase of nutrients which is usually expressed as nitrogen and
phosphorus [24]. Based on the monitoring data, distribution
of organic pollutants was closely related to the cover material
of urban catchments. For asphalt road and roof (RD1, RD2,
and RF1), the proportions of DCOD in TCOD were in
the range from 71.76% to 86.23%. But because about half
TCOD exist as dissolved phase, the distribution of organic
pollutants was equally represented in rainfall runoff from the
catchments used inorganic cover material, such as concrete
and tile.
3.2. Characterizing Runoff Pollutants in Different Phases during Typical Rainfall Event. During a rainfall event, pollutants

Rainfall intensity (mm/hr)

∗∗

80

40

0
0

20

40
Duration (min)

60

80

Figure 1: Distribution of typical rainfall (July 20, 2011).

transport in different phases is affected by several factors,
such as rainfall distribution, catchments type, and pollutant
component. Taking a rainfall event of July 20, 2011 (22.2 mm)
for example, the rainfall distribution was showed in Figure 1.
Figure 2 showed the variation of pollutant concentrations
in different phases. Most runoff pollutants from both RD1
and RF1 were mostly characterized by the tendency that
the concentration at the initial stage of rainfall was high
and then sharply decreased to a low value. As showed in
Table 1, the high intensity rainfall occurred in the later
period, so pollutant concentrations increased in various
degrees. The highest concentration of RD1 (except nutrients)
appeared in the later period of rainfall when the rainfall
intensity rose dramatically, whereas that of RF1 occurred
at the beginning of runoff generation. It was possible that
the washoff of runoff pollutants in RF1 was less suffered
from the influence of rainfall intensity due to its small area
and smooth surface. However, for the road (RD1), some
pollutants, especially particulate matter, might be intercepted
by coarse surface during low intensity rainfall, which could
not be washed off into the runoff until rainfall intensity rose
to reach sufficient strength. The concentrations of nutrients,
including TN, DTN, and PTN, have little or no effect by
the variety of rainfall intensity. The reason might be that
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Figure 2: Runoff pollutograph from RD1 and RF1 during rainfall event of July 20, 2011.

nitrogen in water environment was found mainly in four
forms: ammonia, nitrite, nitrate, and organic nitrogen. Only
part of organic nitrogen exists as particulate phase, and others
are all dissolved matter [25]. The characterization of previous
runoff pollutants also reappeared for other rainfall events
monitored in this study.

3.3. Correlation Analysis between Runoff Pollutants in Different Phases. According to previous research, there were
good linear correlations between runoff pollutants. Several
pollutants could be considered as surrogates for others so
as to reduce the enormous costs to monitor [26–28]. In this
study, correlations of runoff pollutants were performed very
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Table 4: Correlation between runoff pollutants in different phases.

TS
TS
TDS
TSS
TCOD
DCOD
PCOD
TN
DTN
PTN
TP
DTP
PTP

0.886
0.925
0.761
0.711
0.720
0.514
0.431
0.557
0.725
0.674
0.820

TDS
0.976
0.644
0.668
0.893
0.549
0.463
0.540
0.783
0.637
0.639
0.704

TSS
0.972
0.689
0.629
0.691
0.894
0.421
0.367
0.309
0.511
0.425
0.858

TCOD
0.830
0.884
0.842
0.918
0.849
0.625
0.569
0.624
0.640
0.635
0.416

Correlation matrix
DCOD
PCOD
TN
0.651
0.870
0.425
0.583
0.721
0.242
0.565
0.872
0.504
0.874
0.865
0.394
0.781
0.257
0.838
0.528
0.873
0.716
0.859
0.677
0.996
0.576
0.775
0.982
0.726
0.695
0.704
0.821
0.593
0.698
0.424
0.857
0.618

DTN
0.414
0.239
0.584
0.369
0.260
0.472
0.957
0.960
0.668
0.654
0.620

PTN
0.331
0.181
0.478
0.338
0.183
0.496
0.814
0.830
0.759
0.770
0.599

TP
0.914
0.898
0.882
0.679
0.584
0.616
0.332
0.372
0.161
0.993
0.877

DTP
0.489
0.565
0.469
0.639
0.522
0.703
0.301
0.339
0.143
0.985

PTP
0.914
0.805
0.874
0.723
0.714
0.610
0.349
0.390
0.171
0.991
0.955

0.813

The data in the table are all the correlation coefficient “𝑟.”
The data of correlation coefficient between road runoff pollutants is above the diagonal; in contrast, that between roof runoff pollutants is below the diagonal.
High correlation coefficients (𝑟 ≥ 0.8) are shown in bold.

closely at the same kinds of catchments, so linear correlations
of runoff pollutants in different phases were analyzed using
combined data, in which data of roof pollutants was collected
from RF1, RF2, and RF3, and that of road pollutants was from
RD1 and RD2. Pearson’s coefficient (𝑟) was used for ranking
the correlation. When 𝑟 ≥ 0.8, it could be determined as
strong correlation between runoff pollutants [29]. Correlation analysis results between runoff pollutants in different
phases from roof and road were showed in Table 4.
Among both road and roof runoff pollutants, TSS showed
a strong correlation with particulate matters, except for PTN.
It might be caused that there were significant differences
between PTN and other pollutants of influencing factor on
concentration variation mentioned earlier. And one pollutant
in different phases was also strongly correlated with each
other exclusive of PCOD-DCOD, TSS-TDS in road runoff,
and TSS-TDS in roof runoff. Besides, DCOD was strongly
correlated with dissolved matters in roof runoff; however,
similar results were not found in road runoff. Therefore, TSS
could be considered as a surrogate for particulate matters in
both road and roof runoffs, while DCOD could be regarded
as a surrogate for dissolved matters in roof runoff.

4. Conclusions
This paper focused on characterization of urban runoff
pollution between dissolved and particulate phases. The
results showed that the AEMC values of runoff pollutants in
different phases from urban roads were higher than the ones
from urban roofs. The proportions of total dissolved solids,
dissolved total nitrogen, and dissolved total phosphorus
in total ones for all the catchments were 26.19%–30.91%,
83.29%–90.51%, and 61.54%–68.09%, respectively. During
rainfall events, the concentration at the initial stage of rainfall
was high and then sharply decreased to a low value. Affected
by catchments characterization and rainfall distribution, the
highest concentration of road pollutants might appear in

the later period of rainfall. Strong correlations were also
found among runoff pollutants in different phases. Among
both road and roof runoff pollutants, TSS shows a strong
correlation with particulate matters, except for PTN. DCOD
is strongly correlated with dissolved matters in roof runoff.
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In order to study the ecological water environment in Erhai Lake, different monitoring sections were set to research the change of
hydrodynamics and water quality. According to the measured data, MIKE21 Ecolab, the water quality simulation software developed
by DHI, is applied to simulate the water quality in Erhai Lake. The hydrodynamics model coupled with water quality is established
by MIKE21FM software to simulate the current situation of Erhai Lake. Then through the comparison with the monitoring data,
the model parameters are calibrated and the simulation results are verified. Based on this, water quality is simulated by the twodimensional hydrodynamics and water quality coupled model. The results indicate that the level of water quality in the north and
south of lake is level III, while in the center of lake, the water quality is level II. Finally, the water environment capacity and total
emmision reduction of pollutants are filtered to give some guidance for the water resources management and effective utilization
in the Erhai Lake.

1. Introduction
With the development of economy and natural science
research capacities, the water environment and river health
have drawn more and more attention [1]. MIKE21 is a
two-dimensional mathematical model developed by DHI
Water & Environment, which can be used to simulate water
flow, waves, water quality, and sediment in rivers, lakes,
seas, and bays. Water quality module (ECOLab) can be
used for water quality simulation, forecast of water quality,
water environment impact assessment, restoration of water
environment and water environment planning, and so on.
MIKE21 model has been used widely in the hydrodynamic,
water quality and eutrophication. Lopes et al. studied the
Ria de Aveiro Lake using MIKE21 model and proved that
MIKE21 can be an effective tool to analyze the ecological
system [2]. Wang et al. simulated the water flow and water
quality of Jincang Lake in different designs, which provides
scientific basis for ecological planning [3]. Chen and Wang
studied the reconstruction project of Changxing Island and

simulated and predicted the sediment using MIKE21 [4]. Liu
and Yang studied the water pollution and eutrophication in
Hanjiang river and Raihu lakeusing Mike model [5]. Wang
et al. simulated the influences of drainage in Laibin on water
environment of downstream using finite volume method by
triangular/quadrilateral mixed grid [6]. Liang et al. simulated
the water level of Hongze lake [7]; Yu et al. established a
numerical model of diversion project of East Lake using
MIKE21 [8].
Erhai is the second largest freshwater lake, which has
important influence on people’s life in Yunnan. It appears very
important to control total amount of pollutants, which is not
easy to directly control the quantity of pollutants in Erhai.
According to the pollution sources and the actual situation
of Erhai Lake, it is found that the pollution comes from
the subrivers flowing into Erhai. As long as there is a good
control of river water pollutant capacity, the total amount of
pollutants in Erhai can be controlled. Share ratio method can
clearly reflect the total amount of pollutants into lake bared
by subrivers.
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In this paper, MIKE21 is used to simulate the water
flow and quality in Erhai Lake, and the water environment
capacity is calculated, which has reference for the water
quality prediction and water quality control.

Q1

C1 (x, y)

2. Methodology
2.1. Two-Dimensional Water Environment Model. The water
environment model is composed of the hydrodynamic model
and the advection dispersion model. The control equations
can be written as
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Figure 1: Stacking chart of concentration field.

𝑔𝑝√𝑝2 + 𝑞2

1 𝜕
𝜕
−
[ (ℎ𝜏𝑥𝑥 ) +
(ℎ𝜏𝑥𝑦 )] − Ω𝑞 − 𝑓𝑉𝑉𝑥
𝜌𝑤 𝜕𝑥
𝜕𝑦
ℎ 𝜕
+
(𝑝 ) = 0,
𝜌𝑤 𝜕𝑥 𝑎

Q2

(3)

(4)

Equation (1) is the continuity equation, (2) and (3) are the
momentum equations in the 𝑥 and 𝑦 directions, respectively,
and (4) is the advection-dispersion equation.
In the equations, ℎ(𝑥, 𝑦, 𝑡) is the water depth; 𝜉(𝑥, 𝑦, 𝑡)
is free surface water; 𝑝 and 𝑞(𝑥, 𝑦, 𝑡) are the discharge per
unit width, m3 /s/m; 𝑔 is acceleration of gravity; 𝐶(𝑥, 𝑦) is
Chezy resistance coefficient; 𝑓 is the wind friction coefficient;
𝑉 is the velocity; 𝑉𝑥, 𝑉𝑦(𝑥, 𝑦, 𝑡) are the velocity in the
𝑥 and 𝑦 directions, respectively; Ω(𝑥, 𝑦) is the coefficient
of Coriolis force; 𝐶 is the pollutant concentration; 𝐸𝑥 and
𝐸𝑦 are the transverse and longitudinal diffusion coefficients,
respectively.
These partial differential equations cannot be analytically
solved, and a lot of mathematical solution methods have
been developed, such as the finite difference method [9],
finite volume method [10], finite element method [11], and
finite analytic method. We take advantage of the simulation
software MIKE 21 AD, which was developed by the Danish
Hydraulic Institute with the finite volume method (Euler
schedule), to solve these equations. It must be pointed out that
the Courant number should be less than 1.0 in order to ensure
the stability of the model (DHI 2005).

2.2. Water Environment Capacity. On the basis of investigation of pollution sources and monitoring of water quality,
the numerical simulation is adopted to build hydraulic and
water quality model. Response coefficient and share ration
of various sources of pollution can be calculated. According
to the water quality targets and the concentration, water
environment capacity of controlled unit can be calculated.
2.2.1. Response Factor Field. By analysis of water quality
of lake and pollution sources, the corresponding relation
is established between emission sources and the receiving
water, which is the key of total pollutant. Concentration
field (𝐶𝑖 ) formed by a strong source can be considered that
it is composed of a plurality of unit source, namely the
relationship can be established as follows:
𝛼𝑖 =

𝑄𝑖
,
𝐶𝑖

(5)

where 𝛼𝑖 is response coefficient which reflects the relationship
of water quality with a certain point source. Obviously,
because of the interactions among variety of environment
power factors, the value of 𝛼𝑖 changes with the location to
form the response coefficient field. Response coefficient is the
quantitative relationship between water quality in lake and
pollution source on the basis of the mass conservation principle, which is the fundamental for the calculation of water
environment capacity. Response coefficient field reflects the
spatial features caused by rivers into lake. The highest value
lies near mouth of the rivers into lake; along with the increase
of distance, the influence of rivers flowing into lake is waning.
Distribution situation of response coefficient is decided by
river mouth position which is affected by environmental
dynamic factors.
2.2.2. Calculation of Share Ratio. According to the principle
of linear superposition, the concentration field under the
action of 𝑛 pollution sources can be regarded as linear
superposition of every single source which can be seen in
Figure 1:
𝑛

𝐶 (𝑥, 𝑦) = ∑𝐶𝑖 (𝑥, 𝑦) ,
𝑖=1

(6)
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where 𝐶𝑖 (𝑥, 𝑦) is the concentration field influenced by 𝑖th
pollution source 𝑄𝑖 (𝑥, 𝑦) and (𝑥, 𝑦) is space coordinate. Share
ratio is the shares (%) influenced by every pollution source:
𝑟𝑖 =

𝐶𝑖 (𝑥, 𝑦)
.
𝐶 (𝑥, 𝑦)

(7)

Share ratio indicates the degree of water pollution source
to body water. Obviously, share ratio has the following characteristics: share is different in different regions at the same
pollution source. A different pollution source has different
share ratio.
2.2.3. Emissions Quantity. According to the water quality
standard 𝐶0 (𝑥, 𝑦), share ratio of concentration can be calculated under a different water quality target 𝐶0𝑖 (𝑥, 𝑦):
𝐶0𝑖 (𝑥, 𝑦) = 𝑟𝑖 ⋅ 𝐶0 (𝑥, 𝑦) .

(8)

By sharing concentration, the further calculation of emission intensity can be calculated:
𝑄0𝑖 =

𝐶0𝑖 (𝑥, 𝑦) 𝑟𝑖 𝐶0 (𝑥, 𝑦)
=
.
𝛼𝑖
𝛼𝑖

(9)

3. Case Study
3.1. Study Area. Erhai river basin is located in the watershed
area of Jinsha river, Lancang river, and Yuanjiang river, which
belongs to the Lancang-Mekong river. Watershed area is
2565 km2 , and geographic coordinates are located in east longitude 100∘ 05 ∼ 100∘ 17 , and north latitude is 25∘ 36 ∼ 25∘ 58 .
Erhai basin is located in Bai autonomous prefecture of Dali
city in Yunnan province including 9 townships in Dali city
and 8 townships in Eryuan country town and the Dali
Provincial Economic Development Zone and Dali Provincial
Tourism Resort.
3.2. Mesh Grid. The study area is an 20 Km width in eastwest directions and 42 km long in south-north directions. It
was meshed with square cells, where the maximum size of
square cells was 400 m × 400 m. The number of modules of
calculation is 50 × 105.
3.3. Conditions and Parameters
3.3.1. Conditions
(1) Boundary Conditions. There are 5 kinds of boundary
(1) river into lake, (2) outlet, (3) drain outlet into lake,
(4) water pumping station of industrial and agricultural,
and (5) irrigation return water and rainfall and evaporation.
Rivers into lake and drain outlet into lake can be recognized
as pollution source, outlet and water pumping station of
industrial and agricultural as sink, and irrigation return water
and rainfall and evaporation as source. That is to say, source
will be added into the continuity equation and the mass
conservation equation of pollutants.

Table 1: Main rivers into Erhai Lake in Erhai basin.
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

The river name
Luoshijiang
Miju river
Yonganjiang
Fengweixi
Haidongjing
longwangmiaojiang
Boluojiang
Yangnanxi
Tingqixi
Mocanxi
Qingbixi
Longxi
Baihexi
Zhonghexi
Taomeixi
Yinxianxi
Shuangyuanxi
Baishixi
Lingquanxi
Jinxi
Mangyongxi
Yangxi
Wanhuaxi
Xiayixi

According to the actual situation of Erhai, the pollution
sources into the lake are incorporated into the Erhai river,
and the Erhai river can be divided into 24 rivers shown in
Table 1. The correspondence between 24 rivers into lake and
watershed is shown in Figure 2.
(2) Selection of Feature Level. The water level of Lake is an
important factor for water environment capacity. In order to
calculate the water environment capacity in Erhai Lake, the
feature water level is selected as one of the basic conditions. In
history, the minimum operation water level is 1971 m and the
maximum water level is 1974 m. At the same time, according
to the average monthly level from 1997 to 2008, the average
operating level in recent 12 years is about 1973 m. Therefore,
the feature level is selected as 1973 m (coastal evaluation).
(3) Initial Conditions. The initial water level and water quality
of lake can be given according to the calculated initial water
level and concentration. The initial velocity of flow field is
set to zero. Water environment capacity is also influenced by
water quantity into lake in addition to the operating water
level. Water level and water quantity should be considered
when the water environment capacity in Erhai is calculated.
According to the water quantity into lake for 54 years
from 1956 to 2009, the P-III curve is adopted to calculate
the experience cumulative frequency by test method. The
arithmetic mean value, coefficient of variation (𝐶V ), and of
variation (𝐶𝑠 ) are, respectively, 8.69, 0.30 and 0.45 billion
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to 0.2 or more. In this paper, drying depth is set to 0.2 m and
flood depth is set to 0.3 m.

N

(c) Wind Resistance Coefficient. Wind friction coefficient is a
weak function of wind speed. For the medium and strong
winds in open sea, wind resistance coefficient is adopted
as 0.0026 to get good results. But to the breeze, a smaller
coefficient is needed. If the changes of wind speed are set,
the friction coefficient is set to be a change coefficient. The
average speed of wind of Erhai is 4.1 m/s, so the friction
coefficient is set to 0.0026.
(2) Water Quality Parameters
(a) Water Quality Parameters of COD. Degradation coefficient 𝐾COD of COD can reference the results of similar lake
and are calibrated to 0.001/d according to the water quality
simulation in 2009.
(b) Parameters on Total Nitrogen. Degradation coefficient
𝐾TN of total nitrogen can reference the results of similar lake
and are calibrated to 0.002/d according to the water quality
simulation in 2009. Release rate of nitrogen in sediment 𝑆N
and the deposition rate of 𝐾N were determined according
to the release test of submarine mud. The value of 𝑆N is
36.7 mg/(m2 ⋅ d), and the value of 𝐾N is 30.9 mg/(m2 ⋅ d).

(km)

0

4 8

16

24

32

Figure 2: Rivers into the Erhai Lake.

square. According to the design frequency, during the study
period 2000–2009, 2001 is chosen as the wet year (10.2 billion
square), 2004 as mean year (8.9 billion square), and 2009 as
dry year (5.7 billion square).
SWAT is adopted to be as the nonpoint source model. The
water quantities into lake in wet, mean, and dry year are considered. According to the space relations, industrial, urban
sewage, tourism, atmospheric deposition, surface source, and
other various types of sources are counted.

3.3.2. Parameters
(1) Hydraulic Parameters
(a) Roughness. According to the characteristics of lake bed
and lakeside, roughness can be set and adjusted the calibration to get the roughness value which is 44.
(b) Dry and Flood. Water level between water and land
boundary can be determined by dry and flood. If the water
level calculated has good fitting with the observation which
will be involved in the calculation, if not, it will exit from the
calculation. The general setting range of drying is 0.1-0.2 m
and setting range of flooding is 0.2–0.4 m, and the difference
of the two values is 0.1 at least. When the water level changes
are fast with respect to the time step, the difference can be set

(c) Parameters on TP. Degradation coefficient 𝐾TP of total
phosphorus can reference the results of similar lake and
are calibrated to 0.004/d according to the water quality
simulation in 2009. rate of settling of 𝐾P and the release rate
of 𝑆P were determined according to the experiment. The value
of 𝐾P is 1.86 mg/(m2 ⋅d), and the value of 𝑆P is 1.13 mg/(m2 ⋅d).
3.4. Simulation of Water Quality in Erhai Lake
3.4.1. Hydrodynamic Simulation
(1) Analysis of Flow Field. Flows in Erhai Lake are influenced
by interaction of wind-driven current and throughput flow
and the wind-driven current is primary. Due to local topography, the wind style is complex. So wind-driven current in
Erhai Lake is relatively complex.
Figure 3(a) is flow state in Erhai Lake under the constant
southwest wind driven. Flow in Erhai is affected by the
southwest wind. And there is circulation in the north, center,
and south of lake, and because of the influence of coastline
shape and local topography, there is some small circulations
outside the main lake. Under the influence of southwest wind
with 4.1 m/s wind speed, the average velocity of lake current
is 5.52 cm/s, and the ratio of wind speed and the velocity of
lake current is 1.1%.
The typical patterns of throughput flow in Erhai Lake are
shown in Figure 3(b). The lake flows with the throughput
flow to downstream and there is no obvious cyclic lake flow.
Because of larger flow in the north of the lake, the radiation
flow is clear. Lake flow is in polymeric form in the south of
lake.
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0.01 m/s

(a) (Wind-driven currents)

(b) (Throughput flow)

Figure 3: Wind-driven currents and throughput flow simulation diagram in Erhai Lake.

(3) Simulation of Water Quality. The two monitoring stations
of water quality which are Daguanyi and Tuanshan stations
are selected as the study object to verify the water quality
model as shown in Figure 5. In all, the simulated results agree
well with the observated data.
The concentration of all the Erhai Lake is between 0.48–
0.78 mg/L, average is 0.60 mg/L, and in addition to March,
April and December, TN values belong to level III. The
concentration of TP is in the range of 0.01–0.037 mg/L, and
average is 0.023 mg/L. TP values are level II from January
to May, and November and December, while from June
to October, TP was significantly increased to be level III.
Permanganate index is in the range of 2.36–2.94 mg/L, and
average is 2.58 mg/L which belongs to level II.
Seen from Figure 5, the relative errors of TN and TP are
high, which may be due to the large amounts of pollutants
of TN and TP or may be caused by monitoring errors. In
all, the annual relative errors of TN are about 30%, while the
annual relative errors of TP are about 30% also. The annual
relative errors of COD are 10%. These all indicate that the
simulation has high precision and the selection of parameters
is reasonable.

1974.2
1974
1973.8
Water level (m)

(2) Simulation of Water Level. According to the meteorological conditions and water supply process in 2009, the
simulation of Erhai Lake is developed during 2009 as shown
in Figure 4. Seen from Figure 4, the simulated data and the
observation data have good fitting.

1973.6
1973.4
1973.2
1973
1972.8
1972.6
1972.4
0

2

4

6
Date

8

10

12

Observation
Simulation

Figure 4: The contrast diagram of simulation value and measured
value.

3.4.2. Analysis of Concentration Field. According to the simulation results of the water quality in Erhai Lake, distributions
of the concentration on TN, TP, and CODMn are analyzed.
The results indicate the water quality distribution in Erhai
with the worst water quality in the northern Lake District,
which is followed by the southern, and then the best in the
central. The level of water quality in the north and south of
lake is level III, while in the center of lake, the water quality is
level II.
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Figure 5: Comparison of simulation with observation in Daguanyi station.

3.4.3. Water Environmental Capacity. Selecting the monthly
mean level from 1997 to 2008, the average is 1973 m. Using
partition staging thought, water environment capacity in different regions at different times can be calculated to achieve
the total water environment capacity. Staging is during the
study period 2000–2009, 2001 is as the wet year, 2004 is as
normal year, and 2009 is as dry year. Because Erhai is affected
by the surrounding mountains terrain, the domain wind in
many years and cangshan creek awallow spit flow to form the
northern, central and southern three main circulation, erhai
Lake district is divided into norhtern, central and southern
lake.
Using numerical simulation, according to the observation
and simulation, the concentration at any point can be got,
and water environment capacity can be calculated according
to the controlled point. This paper selects the water level

under 1973 meters, central control in 2004. The relationships
of response coefficient and share ratio of every river into lake
can be seen in Table 2.
It can be seen in Table 2, to one river flowing into the
lake, response coefficient and share ratio of three kinds of
pollutants have a similar distribution; to different district,
pollution influence of the same river flowing into lake is
different. The closer to the lake it is, the higher the share ratio
is. On the other hand, even near the mouth of lake, pollution
effects are not completely caused by the river flowing into
lake. Due to a large amount water into lake from Miju river,
water environmental capacity coresponding Miju river is the
maximum.
According to the share ratio and response coefficients of
various rivers, water environment capacity beard by rivers
flowing into lake can be calculated when the water quality in
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Table 2: The relations between response coefficient and share ratio.

1

TN

TP

152.67

170.40

COD
256.04
1207.72

2

644.20

1274.84

3

99.75

64.24

156.03

188.75

154.09

4

149.03

5

54.30

93.81

87.88

6

101.76

58.35

67.30

7

504.04

696.32

388.37

8

153.37

172.84

115.65

9

23.63

47.15

35.06

10

33.78

74.23

49.80

11

27.78

68.31

23.70

12

44.04

63.72

44.31

13

83.81

133.81

154.93

14

57.62

84.88

91.30

50.62

91.21

54.09

16

26.13

39.54

14.64

17

31.80

37.89

26.03

15

18

42.13

41.97

40.13

19

23.99

36.16

23.23

20

28.18

66.41

32.25

21

28.75

56.04

64.37

22

59.73

99.80

92.91

23

76.91

164.43

138.52

24

36.66

77.07

69.12

river meets various qualities. Water environment capacity of
water reached Grade II can be further calculated which can
be seen in Table 3.
By contrast, in recent years, the measured concentration
of COD is higher than level II water standard. While the
measured concentrations of TN and TP sometimes are level
III. In littoral water of greatly human activities of North and
South Baltic rivers into hukou, concentrations of TN and
TP reached level IV water quality standard. Compared with
the pollution load, pollution load of COD is no more than
water environmental capacity below level II water quality,
while TN and TP are more than water environmental capacity
under level II water quality in some years matching the water
quality situations, which indicate that the calculated water
environmental capacity is reasonable.
Water environmental capacity in the northern, central,
and southern lake is calculated. Because there is differences
in the water quality concentration in different zones, water
environmental capacity is different under the control conditions. Figure 6 is the water environmental capacity of main
pollutants in the northern, central, and southern lake in the
same year. Seen from Figure 6, water environmental capacity
in central is the largest, followed by the southern, then the

Index

Number

14552
17784

COD

Share ratio/response coefficient

13550
105
294
95

TP

1287
2461
1267

TN
0

2000 4000 6000 8000 10000 12000 14000 16000 18000
Water environmental capacity (t/a)
North
Center
South

Figure 6: Water environmental capacity of mean year in level II
water quality.

minimum in the northern. Inhomogeneity of distribution of
concentrations of pollutants is the main reason causing the
difference of water environmental capacity. Large amounts of
pollutants in Miju river, Yonganjiang, and Luo shijiang the
third longest river, which are in the north of lake, flow into
the northern to accumulate the pollutants resulting the worst
water quality. While there are less pollutants in the central,
so the water quality is better and the water environmental
capacity in central lake is larger.
Given the water quality distribution of Erhai with the
worst water quality in the northern Lake District, which
is followed by the southern, and then the best in the
central, there must have been some differences in the water
environmental capacity calculated in the northern, central
and southern control points. Because of poor water quality
in northern lake, if water qualities in all the lake are ensured
to meet standard, water environmental capacity calculated
in northern controlled points is suggested to reduce the
pollution into lake.
3.4.4. Total Emissions of Waste Water. When the pollution
load into lake is greater than water environmental capacity under a certain water quality objectives, water quality
objectives meeting lake requirements cannot be achieved.
Therefore, to ensure water quality objectives, pollution loads
beyond the environment capacity should be reduced. The
calculation is
Δ𝑄𝑖 = 𝑄𝑖 − 𝑄0𝑖 ,

(10)

where Δ𝑄𝑖 is the reduction of 𝑖th pollution load, 𝑄𝑖 is
pollution emissions, and 𝑄0𝑖 is water environmental capacity
of 𝑖th pollution source. If Δ𝑄𝑖 > 0, it shows that pollution load
has exceeded the water environmental capacity and pollution
load needs to be reduced. If Δ𝑄𝑖 < 0, pollution load needs
not to be reduced. Δ𝑄𝑖 /𝑄𝑖 is reduction ratio.
According to the standard of water quality protection to
reach level II water quality standards, reduction load can be
seen in Table 4.

8

The Scientific World Journal
Table 3: The calculations of water environmental capacity in Erhai Lake (𝑡/𝑎).

Period

Control point

Wet
Normal
Dry
Wet
Normal
Dry
Wet
Normal
Dry

North
North
North
Center
Center
Center
South
South
South

I
527
507
431
1065
984
843
543
515
462

TN
II
1318
1267
1077
2661
2461
2107
1358
1287
1156

III
2636
2535
2155
5323
4922
4213
2715
2574
2311

TP
II
98
95
89
321
294
270
109
105
93

I
39
38
36
129
118
108
44
42
37

III
195
191
179
643
588
539
218
211
186

I
7798
6775
5385
10479
8892
7275
8059
7276
5847

CODcr
II
15596
13550
10770
20958
17784
14549
16118
14552
11694

III
23394
20325
16154
31437
26676
21824
24177
21828
17541

Table 4: The reductions of pollution load in Erhai Lake 𝑡/𝑎.
Hydrological period number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
Total

TN
70.74
317.37
39.75
54.01
20.64
36.37
177.96
54.04
9.19
13.33
10.45
16.02
30.13
21.44
18.36
10.38
12.93
17.69
9.42
12.36
11.36
27.59
32.39
15.13
1039.04

Wet period
TP
3.64
27.24
1.37
4.03
2.00
1.25
14.88
3.69
1.01
1.58
1.46
1.36
2.85
1.82
1.95
0.84
0.81
0.90
0.78
1.42
1.20
2.13
3.51
1.64
83.38

CODcr
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

TN
44.43
187.45
29.02
43.36
15.80
29.61
146.67
44.62
6.87
9.83
8.08
12.81
24.38
16.77
14.73
7.60
9.26
12.26
6.98
8.20
8.37
17.38
22.38
10.67
737.90

Normal period
TP
CODcr
1.67
—
17.88
—
0.74
—
2.09
—
1.26
—
1.51
—
9.69
—
3.15
—
0.95
—
1.04
—
1.09
—
1.67
—
2.48
—
2.02
—
1.61
—
0.49
—
1.06
—
1.09
—
0.62
—
0.93
—
0.82
—
1.14
—
2.76
—
1.20
—
59.32
—

TN
16.74
92.69
13.32
17.01
7.54
10.32
52.09
31.39
4.72
6.68
5.65
8.55
17.11
11.74
10.45
4.87
6.41
7.54
4.51
5.52
5.60
11.27
14.95
7.43
374.07

Dry period
TP
CODcr
0.75
39.65
5.23
186.02
0.33
24.38
1.02
23.77
0.62
13.54
0.60
10.35
4.02
59.90
1.65
18.09
0.48
5.39
0.49
7.67
0.49
3.65
0.70
6.84
1.25
23.95
0.95
14.15
0.73
8.35
0.25
2.26
0.48
4.01
0.49
6.18
0.30
3.58
0.43
4.97
0.44
9.91
0.65
14.30
1.32
21.43
0.65
10.71
24.32
523.05

“—” is Δ𝑄𝑖 < 0, and the amount of pollutants into lake is less than water environmental capacity.

4. Conclusions
Water quality simulation is one of the most important works
for water resources protection and is an important part of
digital river system, while digital river system is the future
trend of water resources and management. With the help
of MIKE21 model of water environment platform, water
environment capacity in Erhai Lake was simulated. This

paper aims to analyze the water pollution that will probably
occur along Erhai Lake. This research could be used as a
reference for forecast and protection of water pollution in
Erhai Lake. The following conclusions can be drawn.
(1) The numerical model, based on the software of
MIKE21, has the capacity of simulating the water level
and water quality distribution. This model could be
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used for forecasting and numerical experiments for
further research.
(2) On the basis of water quality-water dynamics model,
pollution load, and hydrometeorological characteristics of Erhai, water environment carrying capacity of
three typical hydrological period (dry, normal, wet)
has been calculated. If water quality of Erhai has
achieved level II, share ration can clearly show the
proportion of each river flowing into the lake, which
can be reached from control of the water quality of
all rivers to the control objectives purpose. According
to the pollution load of river itself, the reduction
of pollutants can be calculated to study how the
pollutants are abated.
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The study aimed at evaluating the humic substances (HSs) content from municipal solid waste incinerator (MSWI) bottom ash and
its variation with time and the effect of temperature on HSs formation. The process suggested by IHSS was applied to extract HSs
from two different bottom ash samples, and the extracted efficiency with NaOH and Na4 P2 O7 was compared. MSWI bottom ash
samples were incubated at 37∘ C and 50∘ C for 1 year. HSs and nonhumic substances were extracted from the bottom ash sample with
different incubated period by 0.1 M NaOH/Na4 P2 O7 . Results show that the rate of humic acid formation increased originally with
incubation time, reached a maximum at 12th week under 37∘ C and at 18th week under 50∘ C, and then decreased with time. More
humic acid in MSWI bottom ash was formed under 50∘ C incubated condition compared with that incubated under 37∘ C. Also, the
elemental compositions of HSs extracted from bottom ash are reported.

1. Introduction
Incineration process displays an important role in the municipal solid waste (MSW) management in Japan. In the recent
years, approximately 78% by weight of MSW is incinerated.
Incineration is a multipurpose strategy aiming at fighting pollution of environment, energy saving, maximizing benefits
of waste, mineralizing and stabilizing waste, and reducing
the volume of waste. However, in practice, organic matters
in MSW are not completely oxidized by incineration. A few
percentage of partially unburned organic waste materials still
exist with subsequent formation of new organic compounds
being left behind forming the bottom ash [1–5]. European
countries restrict the organic matter content in the landfill
waste to 5% in the aim to reduce the pollution from landfill
waste [6]. Several researches showed that dissolved organic
matter (DOM) in MSWI bottom ash leachate contributes to
Cu leaching [7, 8]. The DOM of MSWI bottom ash also would
lead to carbonization and to pH value decrease in landfill site
[2].
Organic matter in MSWI bottom ash is divided into
humic substances (HSs, mainly composed of humic acid and

fulvic acid) and nonhumic substances (NHS), based on the
soil organic matter classification. HSs widely exist in the
natural environment and have a high affinity for binding
heavy metals and organic pollutants. Humic acid and fulvic
acid have been identified as important DOC subfractions
contributing to the complexation of contaminants [9]. The
study by Zomeren and Comans [8] found that humic acid
and fulvic acid contributed to 0.3–0.6% and 14–26% DOC,
respectively, in the leachate from MSWI bottom ash. Their
study further suggests that the fulvic acid-type components
exist in MSWI bottom ash leachates are likely responsible
for Cu leaching from bottom ash [10]. The study by Kim
revealed that the leaching concentration of dioxins increased
with advanced humicification and showed relatively good
correlation to DOC [11]. However, there was little information
about the formation and decomposition of HSs in MSWI
bottom ash.
This work compared the efficiency of NaOH and Na4 P2 O7
reagents on the extraction HSs from MSWI bottom ash and
the effect of temperature on the formation of humic acid
from the incineration of the MSW bottom ash. A lab-scale

2

The Scientific World Journal
Sample
Extract with HCl

Residue 1

Extract 1

Extract with NaOH

Precipitation

Supernatant
Acidify to pH 1 with 6 M HCl

Residue 2

Extract 2

Dissolve in 0.1 M KOH
Humic acid fraction
XAD-8
resin

Add 0.3 M KCl
Centrifuge
Repeat at least 2
times

Nonhumic
substances

Elute with 0.1 M NaOH
Liquid part

Solid part (waste)
Fulvic acid fraction

Acidify to pH 1-2 with 6 M HCl
Centrifuge

Solid part

Liquid part (waste)

Add 0.1 M HCl + 0.3 HF
Centrifuge

Repeat 3
times

Solid part

Liquid part (waste)

Dialysis
freeze-dry
Humic acid sample

Acidify to pH <1.5 with 6 M HCl
Add HF to a concentration of 0.3 M

XAD-8
resin
Elute with 0.1 M NaOH

AG-MP-50
resin
Freeze-dry
Fulvic acid sample

Figure 1: Schematic diagram of fractionation of humic substances and nonhumic substances.

incubation facility was used to help exploration of the humic
acid formation mechanism.

2. Materials and Methods
2.1. Materials and Sampling. The fresh quenched MSWI
bottom ashes were taken from O-incineration plant and Rincineration plant, named as O-BA and R-BA. O-incineration
plant was operated on a semicontinuous type and incinerated
at 850∘ C with a daily treatment capacity of 130 t/d (65 t/16 h ×
2). R-incineration plant applied stoker furnace operated on

a continuous type, with an incineration capacity of 900 t/d
(300 t × 3) and the temperature in the combustion chamber
was 900∘ C. The two bottom ash samples and a crushed
incombustibles sample were passed through 4.75 mm sieve.
2.2. Extraction of Humic Substances. Organic matter in
MSWI bottom ash contains humic and fulvic acids together
with other nonhumin substances. Humic acid and fulvic
acid were separated from solid samples applying the method
of international humic substances society (IHSS). Figure 1
shows the conceptual steps of the separation technology.
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Step 2 (extraction with NaOH). Neutralize the residue 1
using NaOH to pH 7 followed by dilution with 0.1 M NaOH
under an atmosphere of N2 to attain L/S of 10. Shake the
solution under atmosphere of N2 for 4 hours. Supernatant
was separated from the precipitate by centrifugation and
filtration. The supernatant was acidified to pH 1 with HCl and
then centrifuged to obtain extract 2 and residue 2.
In this step, Na4 P2 O7 or mixture of NaOH/Na4 P2 O7 was
also applied instead of NaOH.
Step 3 (purification of humic acid fraction). Dissolve the
residue 2 using 0.1 M KOH under N2 to obtain humic acid
fraction. Add 0.3 M KCl solution to humic acid fraction to
reach L/S 10. Aqueous fluid was separated from the solid
resides by centrifugation and filtration to obtain solid part
and liquid part. Waste the solid part and liquid part was
acidified to pH 1-2 using HCl and then centrifuged. Solid
part was separated by centrifugation. Repeat the process
previously mentioned at least 2 times.
Sequentially, dissolve the solid part using 0.1 M
HCl/0.3 M hydrofluoric acid (HF) solution in a plastic
container. Shake the solution for 24 hours. Solid part
was separated from the liquid part by centrifugation and
filtration. Repeat the process previously mentioned 3 times.
Transfer the solid part to a dialysis tube by slurring with
water and dialyze against distilled water until the dialysis
water gives a negative Cl− test with the AgNO3 . At last, the
solid part from dialysis tube was freeze-dried to obtain the
solid humic acid sample.
Step 4 (purification of fulvic acid fraction). NHS was recovered from the solutions obtained from Steps 1 and 2 applying
resin exchange technique. The resin used was XAD-8, ionexchange resin.
Elute the column with 0.1 M NaOH. Pass eluate through
H+ -saturated cation exchange resin (AG-MP-50). Freeze-dry
the eluate to recover the H+ -saturated fulvic acid.
The concentrations of humic acid fraction, fulvic acid
fraction, and NHS fraction in carbon were determined with
a TOC analyzer (TOC-V, Shimadzu Co.).
2.3. Incubation Experiment. The pretreatment R-BA was
prepared for the incubation experiments. About 4 kg RBA was filled in each stainless steel container with untight
covers. The containers were put in constant temperature
ovens setting at 37∘ C and 50∘ C, respectively. The incubation
experiments were continued for one year under aerobic
conditions. During the incubation process, the water contents

120
Humic substances (mg-C/kg)

Step 1 (extraction with HCl). Distilled water was added to the
sample in the container to maintain L/S ratio < 10. Aqueous
fluid is then acidified using HCl to a pH value of 1-2. Adjust
the L/S ratio to 10, and the container was closed for shaking
for 1 hour. The container was then centrifuged followed by
filtration using filter paper to attain residue 1 and extract 1.
This step is helpful to remove part of carbonate in MSWI
bottom ash.

3

100
80
60
40
20
0
HCl

NaOH

Na4 P2 O7

Extraction reagent
O-BA
R-BA

Figure 2: Amount of humic substances extracted from R-BA and
O-BA by HCl, NaOH, and Na4 P2 O7 in sequence.

of the samples were adjusted to 30% by adding distilled water
every day, simultaneously mixing the samples.
Approximately 200 g samples were taken out from the
containers after 2, 4, 8, 12, 18, 24, 32, 36, 44, and 52 weeks
of incubation period. These samples were air-dried, grinded,
and sieved through a 2 mm mesh. The pretreated samples
were kept in closed plastic bags and saved under 4∘ C till
analysis.
2.4. Elementary Analysis of Humic Substances. Carbon,
hydrogen, and nitrogen contents in eluted humic, fulvic
acid were determined with the help an elemental analyzer
(YANAKO CHN coder MT-50, Yanagimoto Co.).

3. Results and Discussion
3.1. Effect of Extraction Reagent on Humic Substances Extraction. The amounts of HSs extracted from O-BA and RBA by three extraction reagents are shown in Figure 2.
HSs extracted by HCl, NaOH, and Na4 P2 O7 from O-BA
accounted for 86%, 12%, and 2% of total HSs amount, while
these values were 47%, 3%, and 50% for R-BA. The data
indicated that HCl was effective to extract HSs from both
MSWI bottom ash samples and NaOH had minor effect on
extraction of HSs from the two samples. Na4 P2 O7 almost
could not extract HSs from O-BA, but it was an effective
reagent to extract HSs from R-BA.
IHSS has been suggested that the material should be
dissolved in dilute HCl before the alkaline extractant is
applied, which is helpful to remove Ca and other polyvalent
cations and increases the efficiency of extraction of organic
matter with alkaline reagents. The previous study has indicated that the main minerals in MSWI bottom ash contain
Ca and other polyvalent cations (such as Fe and Al) [12].
So HCl is a necessary reagent to extract HSs from MSWI
bottom ash. NaOH has been expected to extract mainly free
complexed organic components and Na4 P2 O7 to extract intimately complexed organic part, which can form complexes
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R(COO)4 Ca2 + Na4 P2 O7 → R(COONa)4 + Ca2 P2 O7 ↓
2 [RCOOX(OH)2 ] (COO)2 Ca + Na4 P2 O7

800
R-BA (37 ∘ C)
Organic carbon (mg-C/kg)

with exchangeable polyvalent cations, thereby breaking down
the cation bridges between the exchangeable cations and
organic matter [13, 14]. According to the following reactions
postulated by Alexsandrova [15], Na4 P2 O7 are thought to
extract OM by breaking down the cation bridges between Ca
and other polyvalent cations and organic matter and forming
insoluble precipitates:

600

400

200

0

→ 2 [RCOOX(OH)2 ] (COONa)2 + Ca2 P2 O7 ↓

0

(1)

3.2. Effect of Temperature on the Humic Substances Formation.
Figure 3 shows the content of humic acid, fulvic acid content
as well as HSs in the R-BA incubated under 37∘ C. Fresh
R-BA contained 279 mg-C/kg HSs (23 mg-C/kg humic acid
and 256 mg-C/kg fulvic acid) and 361 mg-C/kg NHS. Thus
it can be seen that fresh MSWI bottom ash contained HSs
after experiencing an incineration process. In the case of
the bottom ash samples incubated under 37∘ C, humic acid
concentration was in the range of 6–74 mg-C/kg and fulvic
acid in the range of 103–286 mg-C/kg through the incubation
period. The NHS content in R-BA increased at the initial
incubation stage, and it reached 496 mg-C/kg at 12th weeks
then it began to decrease.
For the R-BA samples incubated under 50∘ C shown in
Figure 4, humic acid was in the range of 16–358 mg-C/kg, and
fulvic acid in the range of 158–256 mg-C/kg. Humic acid was
produced rapidly under 50∘ C until 18th week and the amount
of humic acid once exceeded that of fulvic acid at 18th week,
and then humic acid content dropped distinctly. Fulvic acid
content was relatively stable through the incubation period.
Humic acid mainly comes from the degradation of lignin,
and higher temperature was good for lignin degradation [16].
Compared with R-BA incubated under 37∘ C, there is more
humic acid contained in R-BA incubated under 50∘ C.
For MSWI bottom ash incubated under 50∘ C, the humic
acid content was significantly higher than that of the MSWI
bottom ash incubated under 37∘ C. Reversely, the highest
content value of fulvic acid appeared in the sample incubated

12
18
24
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36
Incubation time (weeks)

Humic acid
Fulvic acid

44

52

HSs
NHS

Figure 3: Humic substances and nonhumic substances contents as
a function of incubation time in R-BA incubated under 37∘ C.
800
Organic carbon (mg-C/kg)

According to the experiment results, it could be expected
that R-BA contain less free complexed organic matter and
considerable amount of complexed organic matter. For the
purpose of investigating the HSs content in MSWI bottom
ash, here it is suggested to combine NaOH and Na4 P2 O7
to extract HSs from MSWI bottom ash, following HCl
extraction.
The total HSs amounts extracted from the two bottom
ash samples differed to a large extent. O-BA only contained
40.5 mg-C/kg HSs, but R-BA contained 234 mg-C/kg HSs
which was almost 6 times higher than that of O-BA. This
may be caused by the fact of the different composition of
MSW treated in the two incineration plants. In addition, the
different incinerator type and incineration temperature can
also have an effect on the organic components in the MSWI
bottom ash.
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Figure 4: Humic substances and nonhumic substances contents as
a function of incubation time in R-BA incubated under 50∘ C.

under 37∘ C, showing that high temperature may be beneficial
to the formation of humic acid, while low temperatures
are conducive to the accumulation of fulvic acid. The total
content of humic acid and fulvic acid amount was higher in
the sample incubated under 50∘ C compared with that under
37∘ C and so as NHS.
This shows that temperature is an important environmental factor of HSs formation and transformation. The storage
temperature of MSWI bottom ash will affect the HSs content,
thereby affecting the migration of heavy metals.
3.3. Elementary Composition of Humic Substances from MSWI
Bottom Ash. The elementary compositions of humic acid
and fulvic acid extracted from R-BA are shown in Table 1
together with the average values of soil HSs in [17]. Compared
with the literature data, the content of carbon and hydrogen
in HSs extracted from R-BA accorded with those of soil
HSs. The extracted HSs from R-BA had a higher content
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Table 1: Elementary analysis of humic substance extracted from R-BA.

Humic acid

Fulvic acid

Sample
Fresh R-BA
24th weeks incubated R-BA
Tan, 2003 [17]
Fresh R-BA
Tan, 2003 [17]

C (%)
53.68
54.81
53.8–58.7
46.5
40.7–50.6

of nitrogen and lower content of oxygen compared with
the soil HSs. HSs decompose slowly and supply nitrogen
nutrient to microbial utilization and release carbon dioxide.
Simultaneously, the dead microorganism supplies carbon
source for HSs synthesis. The loss of nitrogen is substantial
compared to carbon. Nitrogen loss caused C/N ratio of MSWI
bottom ash to gradually increase with incubation time.

4. Conclusions
The study determines the HSs extraction reagent from MSWI
bottom ash by comparison of NaOH and Na4 P2 O7 . NaOH
and Na4 P2 O7 have different extraction efficiency for the
studied two MSWI bottom ashes. So 0.1 M NaOH/0.1 M
Na4 P2 O7 was recommend to extract HSs from MSWI bottom
ash.
Fresh MSWI bottom ash contains humic acid and fulvic
acid. More humic acid was formed during the incubation
period and accounted for 8–27% of the organic fractions in
the landfilled MSWI bottom ash. Fulvic acid was contained
in the fresh MSWI bottom ash, and its amount was relatively
stable. The variation of HSs content in the incubated samples
showed a change with incubation time. The results showed
that high temperature may be beneficial to the formation
of humic acid, while low temperatures are conducive to the
accumulation of fulvic acid.
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