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Abstract:    A method to model small-scale ambient concentrations of N, N-dimethylformamide (DMF) in a synthetic leather 
industrial zone was developed. Longwan, a district of Wenzhou City in Southeast China, was selected as the study area. DMF 
emissions at the synthetic leather industrial zone were inventoried, during 2007, and an AMS/EPA regulatory model (AERMOD) 
was used to simulate DMF concentrations using 10 000 100 m×100 m grids for the 2006 period. In 2007, actual DMF concentra-
tions were recorded at seven DMF monitoring stations, and were compared with simulated results for the same timeframe. Simu-
lated DMF concentrations were predicted to be in the range of 0.012–2.31 mg/m3, which is similar to the range of the monitored 
dataset results. A large majority (93%) of relative errors (REs) between simulated and monitored concentrations ranged from 
0.48% to 189.4%. While DMF emissions within factories did not exceed the regulated emission limit, simulations indicated that, in 
2006, 20% of the daily average ambient DMF concentrations exceeded this limit. This Modelling method could be applied in 
evaluating regional atmospheric environmental capacities and human exposure to DMF. 
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1  Introduction 
 

N, N-dimethylformamide (DMF) has complete 
miscibility in water and most organic solvents, and 
hence it has a broad industrial application for the 
production of synthetic leather, polyurethane resin, 
orlon, etc. (Howard, 1993; Environment Canada, 
1998). However, overexposure of humans to DMF 
has been associated with hepatotoxicity, alcohol in-
tolerance, possible embryotoxicity, and teratogenicity 
(Calvert et al., 1990; Hansen and Meyer, 1990). In the 
USA and China, the regulated air exposure concen-

tration limits for DMF emissions are 30 and 10 mg/m3, 
respectively, in the workplace (MHPRC, 1979; Jilin 
Library, 1984). While DMF emission levels for a 
particular synthetic leather factory may remain within 
the regulated limit at industrial zone aggregations 
ambient (i.e., outside of the workplace), DMF con-
centrations may in fact exceed the regulated work-
place concentration limit as a result of accumulative 
DMF emissions of several factories (Zhang, 2007). 
Hence, pollution caused by overall DMF emissions 
continues to be a serious public concern.  

The total amount of DMF emissions within in-
dustrial zones should be subject to regulation. The 
environmental capacity is the maximum permitted 
pollution load that may be discharged into the at-
mosphere without violating the desired air quality of 
regional planning objectives (Krishna et al., 2004). 
This value can be used to determine the maximum 
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permitted emission of certain pollutants in an area, 
and to set the emission quota of each factory within 
the area accordingly. To date, the total emission con-
trol, which is based on the environmental capacity, 
has been used widely in China to mitigate air pollu-
tion (Yang et al., 1999).  

Currently, two methods are used to estimate en-
vironmental capacity, namely the A-P value method 
and multi-source model method (Fang et al., 2008). 
The A-P value method calculates the environmental 
capacity primarily using the size of the study area, but 
does not take into account meteorological and to-
pographic data. On the other hand, the multi-source 
model method uses air pollutant dispersion models to 
calculate environmental capacity. Such dispersion 
models usually consider detailed emission inventories, 
emission sources distribution, meteorological and 
topographic data, and other associated datasets. 
Hence, while the A-P value method generates an ideal 
environmental capacity value, the multi-source model 
method is more likely to correspond to the actual 
situation (Fang et al., 2008). Therefore, when setting 
regulation limits in an area, the value based on the 
results of the A-P method may indicate pollutant 
concentrations exceeding the limits at some sites, 
while the multi-source model method may provide a 
more realistic inference (An et al., 2007; Fang et al., 
2008). 

Air dispersion models have the ability to simu-
late geographic information system (GIS) based pol-
lutant concentrations using fine-scale receptor grids 
(Lin and Lin, 2002). Such models have been used for 
a range of situations, such as human exposure risk 
assessments and environmental capacity evaluation 
(Zhou et al., 2003; Krishna et al., 2004; Goyal et al., 
2006; Silverman et al., 2007; Őzkaynak et al., 2008). 
In most studies, pollutant concentrations have been 
simulated with 1 km×1 km receptor grids (Zhang et 
al., 2008). However, for industrial zones where the 
spatial scale is small, pollutant emissions are likely to 
vary within a narrow range. In order to obtain detailed 
air pollutant dispersion concentrations, it is therefore 
necessary to reduce simulated receptor grids to  
500 m×500 m, or as much as 100 m×100 m. Infor-
mation with respect to factory location and respective 
emission rates is important to calculate air pollutant 
emission inventories for application to air dispersion 
models (Samaali et al., 2007). Furthermore, the 

emission quota of each factory may also be allocated 
according to the environmental capacity based on the 
emission inventories (SEPA, 2003). These combined 
parameters may prove significant for environment 
capacity evaluation and pollution mitigation. Hence, 
there is an urgent requirement to establish emission 
inventories based on GIS and simulated air pollutant 
dispersion distributions, particularly for small-scale 
industrial zones.  

In this paper, we first established a GIS based 
DMF emission inventory using the case study of the 
synthetic leather industrial zone of Longwan, a dis-
trict of Wenzhou City in Southeast China. The 
AMS/EPA regulatory model (AERMOD) was used to 
evaluate the ambient DMF concentrations of this 
district. We set up seven DMF monitoring stations to 
record DMF concentrations in the air of Longwan for 
four days in 2007: 28–29 March and 9–10 July. We 
compared and verified the model simulation results 
with those obtained from monitoring datasets. Finally, 
we presented simulations of ambient DMF concen-
trations to estimate the environmental capacity of 
Longwan during 2006, using 10 000 grids of  
100 m×100 m. The results were considered with re-
spect to the potential impact on the human population 
residing in this region. 

 
 

2  Study area 
 

The Longwan District, located on the south coast 
of East China Sea, is one of the three major urban 
areas of Wenzhou city in Zhejiang Province (Fig. 1). 
The urban area of Longwan covers 279 km2 with a 
population of 306 000. The prevailing wind direction 
is north-north-east. The climate of Longwan is humid 
subtropical maritime, with an annual average tem-
perature of 14–18 °C and annual average rainfall of 
1500–1800 mm. 

The Longwan synthetic leather industrial zone 
covers 1.13 km2. The first synthetic leather factory in 
Longwan was built in the 1990s. Today, the district 
has 84 synthetic leather factories, including 30 poly-
vinylchloride (PVC) synthetic leather factories with 
42 production lines, and 54 polyurea-formaldehyde 
(PU) synthetic leather factories with 260 production 
lines. Longwan is the largest synthetic leather pro-
duction zone worldwide, producing about 70% of 
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China’s synthetic leather goods and 50% worldwide. 
In recent years, control measures have been intro-
duced to regulate DMF emissions. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
3  Methodology 

3.1  DMF in the manufacturing process of syn-
thetic leather 

Synthetic leather manufacturing processes are 
mainly classified as wet and dry processes based on 
how solvents are expelled from the products (Wang et 
al., 2006). Fig. 2 illustrates the process of wet and dry 
operations for the manufacturing of synthetic leather 
at the Longwan industrial zone (Wang et al., 2006). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
In the wet process, PU resin is dissolved in or-

ganic solvents (DMF). The base textile is dipped into 
material for pre-solidification, ironing out to dry, 
coating, condensing in the condensation tank, wash-
ing in water to remove residual DMF, and finally 

drying and cooling to room temperature. In the dry 
process, PU resin is dissolved in organic solvents 
(DMF, methyl ethyl ketone (MEK), and toluene). The 
release paper is coated and subsequently heated in an 
oven to remove the solvents. The release paper is then 
adhered to the coated base textile of the wet process. It 
is dried again and cooled to room temperature. During 
the condensing phase of the wet process, wastewater 
contains 20% DMF. Wastewater is usually disposed 
for rectification, and most DMF is recycled.  

Based on our investigation, DMF consumption, 
the emission, and recycling of one production line 
were almost the same for all synthetic leather facto-
ries in the study area. Therefore, we would take a 
production line as an example for DMF emission 
calculation. 

3.2  DMF consumption in the synthetic leather 
industry 

The amount of PU resin used in a production line 
of synthetic leather factories can be calculated ac-
cording to the formulas: 

 
QI=MI·rI+SI,                        (1) 
MI=NI·VI·T,                          (2) 

 
where Q is the total DMF consumption (kg); M is the 
resin consumption (kg); r is the percentage of DMF 
content of resin; S is the DMF consumption as a sol-
vent (kg); N is the resin consumption per meter of 
base textile (wet process) or release paper (dry proc-
ess) (kg/m); V is the velocity of base textile (wet 
process) or release paper (dry process) (m/h); T is the 
operating time of the factory (h); I is type of produc-
tion (wet or dry process).  

In the wet process, resin consumption of base 
textile is about 0.378 kg/m, and base textile velocity is 
about 840–900 m/h. However, in the dry process, 
resin consumption of release paper is about 0.16– 
0.17 kg/m, while release paper velocity remains at 
840–900 m/h. The operating time of synthetic leather 
factories in the study area is about 210 d/yr, i.e., 
5040 h/yr. 

Furthermore, the proportion of DMF used in 
resin and solvent for the wet process differs to that for 
the dry process. In the wet process, 700 kg of raw 
DMF material is used per 103 kg of resin, with a fur-
ther 700 kg of DMF being added as the solvent. 

Fig. 1  A map of the Longwan District (pentacle) in Wen-
zhou City, Zhejiang Province, China 
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Fig. 2  Flow diagram of the steps of operation for wet and
dry synthetic leather manufacturing processes 
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However, in the dry process, 500 kg of raw DMF 
material is used per 103 kg of resin, with a further 
500 kg of DMF being added as the solvent. 

3.3  DMF emissions in the manufacturing process 

DMF emissions are estimated based on the mass 
balance of the manufacturing process according to the 
total DMF consumption. This method calculates 
pollutant emission into the environment using the 
difference between all inputs and measurable outputs 
of the system (Coufal et al., 2006). DMF emissions 
were calculated based on the following formulas: 

 
QE=QW-F+QW-E+QD-F+QD-E+QR-E,            (3) 

QW-T=QW-F+QW-E+QW-W,                              (4) 
QD-T=QD-F+QD-C,                                          (5) 
QD-E=QD-C·(1−η),                                          (6) 
QR-E=QR-IN−QR-T−QR-B−QR-C−QR-O−QR-D,   (7) 

 
where QE is the total DMF emission (kg); QW-F and 
QW-E are the fugitive and organized emissions of 
DMF in the wet process respectively (kg); QD-F and 
QD-E are the fugitive and organized emissions of DMF 
in the dry process respectively (kg); QR-E is the DMF 
emission in the rectification process (kg); QW-T and 
QD-T are the total DMF consumptions in the wet and 
dry processes respectively (kg); QW-W is the DMF 
contained in wastewater (kg); QD-C is the DMF col-
lected by control facilities (absorption column) (kg); 
η is the percentage efficiency of control facility; QR-IN 
is the total DMF collected for recycling (kg); QR-T and 
QR−B are the DMF contained in the water at the top 
and bottom of the rectification column, respectively 
(kg); QR-C is the DMF contained in the circulating 
water pool (kg); QR-O is the recycled DMF (kg); QR-D 
is the DMF decomposition (calculated by dimethyl-
amine produced) (kg). 

The DMF emissions during the ironing out 
process are collected in the chimney stack prior to 
emission, resulting in organized emissions into the 
atmosphere. According to the monitoring data of 54 
PU synthetic leather factories, organized DMF emis-
sion in the wet process from the chimney stack is 
estimated to be 4.2×103 kg/yr per production line. The 
DMF fugitive emission for other processes in wet 
production, such as pre-solidification, coating, and 
condensing, is estimated to be 1.039×105 kg/yr per 
production line. In the dry process, 6.631×105 kg/yr 

of DMF per production line is collected for disposal 
in the absorption column, and the disposal efficiency 
is estimated at 99%. Therefore, the organized emis-
sion of DMF after absorption is estimated to be 
6.63×103 kg/yr per production line. According to the 
monitoring data, fugitive emissions of DMF, which 
were not collected but volatilized in the process of 
dissolving, coating, and heating, are estimated to be 
5.686×104 kg/yr per production line. 

The total DMF collected for recycling is 
2.052×106 kg/yr per production line. DMF contained 
in each unit of operation is calculated based on water 
fluxes and DMF concentrations. According to the 
metering instrument data of 11 factories, the waste-
water fluxes in the top rectification column, the bottom 
rectification column, and circulating water pool are 
approximately 2×103–7×103, 100–300, and 6×103– 
8×103 kg/h, respectively. The recycling flux of DMF 
is 1.1×103–2.8×103 kg/h. At 11 factories, we collected 
water samples of each unit of operation to test DMF 
concentrations. 

3.4  AERMOD 

AERMOD is a near field steady state Gaussian 
air pollutant dispersion model proposed by the US 
EPA (US EPA, 2004a; Cimorelli et al., 2005; Perry et 
al., 2005). The model aims to simulate short-range 
dispersion (up to 50 km) from multiple sources of 
different emission types including point, area, and 
volume sources. Previous studies have focused on the 
performance of AERMOD since it was developed. 
The accuracy and reliability of results of AERMOD at 
different spatial scales in urban areas have been 
evaluated in comparison to other dispersion models 
using 17 field-study databases (Perry et al., 2005). 
Perry et al. (2005) found that with few exceptions, 
AERMOD’s performance is superior to those of other 
applied models.  

In this study, AERMOD was used to simulate 
annual and daily average concentrations of DMF. The 
model input data included source location and pa-
rameter data, meteorological data, terrain data, and 
receptor locations. As the study area is a coastal plain 
with the flat terrain, the simulation has been carried 
out using a flat option. 

3.4.1  Source location and parameter data 

DMF emissions were divided into two sources, 
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point and area. We considered point sources to be 
organized sources (i.e., emissions from chimney 
stacks ≤15 m), while emissions from factory work-
shops were considered to be area sources. In the study 
area, there were 75 point sources and 54 area sources 
in total. 

Point source characteristics include source loca-
tion, pollutant emission rate, release height above 
ground, stack inside diameter, and stack gas exit 
temperature and exit velocity. Information on each 
point source was compiled, such as stack height and 
diameter, as well as emission exit velocity and exit 
temperature. The latitude and longitude of each point 
source was measured using a handheld global posi-
tioning system (GPS). The DMF emission rate was 
calculated by dividing the average running time of 54 
control factory facilities against DMF emissions. In 
this study, we did not list the specific information of 
each point, but gave the range of each parameter of 75 
point sources. Based on the investigation, the point 
source stack height and the diameter were approxi-
mately 16–25 and 0.8–1.2 m, respectively, and the 
emission exit velocities from point sources ranged 
from 15.92–21.23 m/s, while the exit temperature was 
25–40 °C. 

Area source inputs include source location, area 
emission rate, lengths of X and Y side of the area, 
orientation angle for the rectangular area in degrees 
from North, and release height above ground. The 
workshops of each factory were identified as the area 
sources. For area sources, emissions were distributed 
with respect to the wet and dry production lines of 
each workshop. The latitude and longitude of the four 
corners of each workshop in all 54 factories were 
measured using a handheld GPS. Information on 
length and width of each workshop was compiled. 
The orientation angles for the rectangular area 
sources in degrees from North were calculated, and 
are shown in Fig. 3. The wet and dry production lines 
are usually located in the first and second floors of the 
workshop. Therefore, the average DMF emission 
height of area sources is 3 or 6 m based on the height 
of the corresponding floor. 

3.4.2  Meteorological data 

To develop meteorological inputs for AERMOD, 
the AERMET meteorological processor was used to 
calculate hourly boundary layer parameters such as 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the Monin-Obukhov length, temperature scale, con-
vective velocity scale, and sensible heat flux. AER-
MET requires the input of surface characteristics in 
combination with standard meteorological observa-
tions. In the absence of meteorological observations 
at an hourly interval, we used the Fifth-Generation 
NCAR/Penn State Mesoscale Model (MM5) to cal-
culate these meteorological data, according to the 
latitude and longitude coordinates of Longwan. MM5 
was developed by Pennsylvania State University and 
the National Centre for Atmospheric Research in 
Boulder, Colorado, USA (Grell et al., 1995). It has 
been widely used and tested to derive meteorological 
inputs for air dispersion models (Sokhi et al., 2006; 
Han, 2007; Matthias et al., 2008). In order to validate 
the simulation results of MM5, we compared the 
simulated meteorological data with meteorological 
data from a nearby station (Wenzhou Station: 58659). 
Air temperature, wind speed, and wind direction were 
statistically analyzed due to their known significant 
influence on DMF dispersion (Horan and Finn, 2008; 
Klepeis et al., 2009). Surface and profile meteoro-
logical inputs for AERMOD are listed in Table 1. The 
necessary meteorological data calculated by MM5 are 
listed in Table 2. 

3.4.3  Surface characteristic 

Surface characteristics (surface roughness, Bo-
wen ratio, and albedo) are also required AERMET 

Fig. 3  Angle of orientation for 54 rectangular workshops
and seven monitoring stations in the Longwan District of 
Wenzhou City, China 
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inputs to calculate planetary boundary layer (PBL) 
parameters. EPA has released a computer program 
(AERSURFACE) to calculate these values from the 
US Geological Survey (USGS) National Land Cover 
Data 1992 archives (NLCD92) (US EPA, 2008). As 
the NLCD92 data is not available for the study area, 
we calculated these values based on the method 
recommended by ADEC, which has also been used by 
Trinity Consultants (USA) (ADEC, 2009). According 
to EPA’s stated guidance, the applicable sectors for 
calculating surface roughness, Bowen ratio, and al-
bedo were determined (US EPA, 2004b). The land 
classification for the study area was determined using 
a land-use map of Longwan and site visits. Then, the 
fraction of each land classification and the distance 
between the meteorological site and the centroid of 
each classification were estimated. The above values 
were referenced in a table, along with the seasonal 
surface roughness, Bowen ratio, or albedo (as appli-
cable) associated with each classification (US EPA, 
2004b). Surface roughness was calculated by 
weighting each applicable value by land fraction 
divided by the distance. Bowen ratio and albedo were 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
calculated by weighting each applicable value by land 
fraction. The land of the study area can be classified 
as indicated in Table 3. 

 
 
 
 
 
 
 
 
 
 
 
 

 
The study area is a coastal plain with the flat 

terrain and dense river network. As shown in Table 3, 
commercial, industrial, and transportation lands ac-
count for the largest proportion of the total area. 
Owing that the area with dense river network is close 
to Oujiang River, the land use of open water accounts 
for 22% of the total area. Longwan is the suburb dis-
trict of Wenzhou City, and about 8% area is of low 
residential density. 

3.4.4  Receptor locations 

In small-scale regions, air pollutant concentra-
tions may vary obviously across the area (Spicer et al., 
1996). Therefore, high resolution receptor grids are 
necessary to obtain detailed pollutant concentrations. 
Hence, we simulated DMF concentration distribution 
using the receptor grids of 100 m×100 m. All recep-
tors were identified by their coordinates.  

Table 2  Meteorological data calculated by MM5 
12-h upper  

meteorological data 
24-h surface  

meteorological data 
Wind speed (m/s) Wind speed (m/s) 
Wind direction (º) Wind direction (º) 
Temperature (K) Temperature (K) 
Pressure (hPa) Cloud cover (tenths) 
Height (m)  
Relative humidity (%)  

 

Table 3  Fraction of land classification of the study area

Land cover category Area 
(km2) 

Fraction of 
total area 

Open water 22 0.22 
Low intensity residential 8 0.08 
Commercial/Industrial/ 
Transportation 31 0.31 

Evergreen forest 12 0.12 
Urban/Recreational 
grasses 4 0.04 

Row crops 23 0.23 
Total 100 1 

 
Table 1  Meteorological inputs for AERMOD 

No. Surface meteorological input No. Surface meteorological input No. Profile meteorological input 
1 Sensible heat flux (W/m2) 10 Height3 (m) 1 Height (m) 
2 Friction velocity (m/s) 11 Temperature (K) 2 Top* 
3 Convective velocity scale (m/s) 12 Height4 (m) 3 Wind direction (º) 

4 Vertical potential temperature  
gradient (K/m) 13 Precipitation code 4 Wind speed (m/s) 

5 Height1 (m) 14 Precipitation rate (mm/hr) 5 Temperature (K) 
6 Height2 (m) 15 Relative humidity (%) 6 Initial lateral plume size (m) 
7 Monin-Obukhov length (m) 16 Station pressure (hPa) 7 Initial vertical plume size (m)
8 Wind speed (m/s) 17 Cloud cover (tenths)  
9 Wind direction (º)    

1 Height of the convectively-generated boundary layer; 2 Height of the mechanically-generated boundary layer; 3 Height above which the 
wind was measured; 4 Height above which the temperature was measured; * top=1, if this is the last (highest) level, and otherwise 0 
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3.5  DMF ambient concentration monitoring 

In order to verify DMF emission inventories to 
simulate the concentration distribution by the disper-
sion model, seven monitoring stations representing 
different urban communities within the study area 
were characterized. The monitoring sites were located 
in industrial (Stations 2, 3, 7), residential (Stations 1, 
4), and commercial zones (Station 6), as well as along 
major roads (Station 5) (Fig. 3). We obtained infor-
mation from Wenzhou Environment Monitoring 
Center, which recorded DMF concentrations accord-
ing to national monitoring standard (MEP-GAQSIO, 
2008). The study occurred in the spring and summer 
seasons (March and July), which is the midseason of 
synthetic leather production. During this period, most 
factories in the study area are operating. Therefore, at 
each monitoring site, samples were collected hourly 
at 10:00, 11:00, 12:00, and 13:00, during 28–29 
March and 9–10 July, 2007. The production of all 54 
synthetic leather factories were also investigated dur-
ing the periods of monitoring. The relative errors 
(REs) between the monitored and simulated data were 
evaluated using the following formula: 

 

0RE = 100%,
C C

C
−

×                       (8) 

 
where C represents the monitored data, and C0 repre-
sents the simulated data. 
 
 
4  Results and discussion 

4.1  DMF emissions of synthetic leather production 

As it is shown in Table 4, total estimated con-
sumptions of DMF in wet and dry processes for one 
production line were 2.24×106 and 0.72×106 kg/yr, 
accounting for 76% and 24% of total consumption 
respectively. For 54 synthetic leather factories in the 
study area, there were 139 wet and 121 dry production 
lines in total. Hence, the total consumption of DMF in 
the study area reached 3.98×108 kg/yr. 

The test results of water samples at 11 factories 
showed that DMF concentrations in water at the top 
and bottom rectification columns and circulating 
water pools were approximately 0.06–2.35, 36.12– 
90.73, and 0.13–0.94 mg/ml, respectively. In addition, 

the dimethylamine concentrations in water at the top 
and bottom rectification columns and circulating 
water pools were approximately 0.53–2.53, 0.01–1.31, 
and 0.5–1.2 mg/ml, respectively.  

 
 
 
 
 
 
 
 

 
 
Table 5 showed the estimated amount of DMF 

emissions from the chimney stack, workshop area, 
and recovery process of one production line. DMF 
emissions in one wet and one dry production lines 
were 1.081×105 and 6.35×104 kg/yr, accounting for 
63% and 37% of total emissions, respectively. Fugi-
tive emission from workshop was 1.608×105 kg/yr 
and accounted for 94% of total emissions. The part of 
DMF emitted at a low height has a greater impact on 
human health, and hence mitigation measures should 
be focused on DMF emissions from workshops. Ac-
cording to total production lines, total emission of 
DMF in the study area was 2.27×107 kg/yr. 

 
 
 
 
 
 
 

 
 

4.2  Comparison of simulated and monitored me-
teorological data 

Fig. 4 showed the comparison of simulated me-
teorological data with those of monitored meteoro-
logical data during 23–29 March and 4–10 July, 2007, 
which encompassed the days that the synthetic leather 
factories were monitored. The simulated data of the 
three meteorological parameters closely resembled 
the monitored data.  

Table 6 presented an index of agreement (IOA), 
root mean square error (RMSE), and mean bias error 
(MBE) of three of the meteorological parameters (air 

Table 4  DMF consumption of a representative synthetic 
leather factory in the wet and dry processes 

DMF consumption of one  
production line (×103, kg/yr) Type of DMF  

consumption Wet process Dry process 
DMF used in resin 1120 360 
DMF used as solvent 1120 360 
Total  2240 720 

Table 5  DMF emissions from the chimney stack, 
workshop area and recovery process  

DMF emissions of one production 
line (×103, kg/yr) Emission source 

Wet line Dry line Total 
Stack 4.2 6.63 10.83 
Workshop 103.9 56.86 160.76 
Recovery process 0.033 0.01 0.043 
Total 108.133 63.5 171.633 

 



Wei et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2011 12(5):374-389 381

temperature, wind speed, and wind direction) (Will-
mott, 1981; Gunhan et al., 2005; Zawar-Reza et al., 
2005). As shown in the table, the simulated air tem-
perature closely resembled the monitored datasets, 
with the IOA, RMSE, and MBE being 0.98, 1.7, and 
–1.3, respectively. The IOA, RMSE, and MBE of 
wind speed were 0.84, 0.1, and 0.1, respectively, and 
those of wind direction were 0.83, 63.2, and 14.0, 
respectively. The IOA of these three meteorological 
parameters were greater than 0.8, with values above 
0.6 being accepted as representative (Titov et al., 
2007). However, RMSE and MBE of wind direction 
were much larger than those of other two parameters. 
Therefore, MM5 simulations performed best for 
temperature, followed by wind speed and wind  
direction.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

4.3  Comparison of simulated and monitored DMF 
concentrations 

The wind speed and wind direction during the 
monitoring period were shown in Table 7. The results 
of simulated and monitored DMF concentrations at 
each monitoring station during 28–29 March and 
9–10 July, 2007, were shown in Figs. 5–8.  

On 28 March 2007 (Fig. 5), the REs between the 
monitored and simulated data of Stations 2 and 4 were 
greatest between 10:00 and 11:00 (207.8% and 
89.8%, respectively). The same two stations also 
exhibited their greatest discrepancy between 11:00 
and 12:00 (140.8% and 152.5%, respectively). How-
ever, between 12:00 and 13:00 and between 13:00 
and 14:00, the REs between simulated and monitored 
data were the greatest at Station 5 (81.6% and 
314.6%, respectively), while those for all other sta-
tions remained below 100% during these survey pe-
riods. Overall, REs between simulated and monitored 
data less than 50% were obtained for seven stations 
during 13 of the 28 survey hours (i.e., 7 stations×4 
hours per station), which accounted for 46% of the 
total monitoring points. Overall, REs in excess of 
200% were obtained for two of the surveyed hours, 
which accounted for 7% of the total monitoring 
points. Comparatively, the REs between simulated 
and monitored data of Stations 2 and 4 were larger 
than those of the other stations. In fact, the simulated 
DMF concentrations exceeded monitored concentra-
tions for these two stations. These discrepancies could 
be attributed to the locations of the two stations and 
meteorological conditions during the monitoring 
periods. For example, Station 2 was located to the 
west of the synthetic leather industrial zone, and sur-
rounded by more than 10 factories (three factories to 
the northwest, three to the west, and four to the south 
of the station). Station 4 was located to the east of the  

Table 6  Comparison of three meteorological parameters 
(air temperature, wind speed, and wind direction) during 
23–29 March and 4–10 July 2007 

Meteorological  
parameter IOA RMSE MBE 

Air temperature (°C) 0.98 1.7 –1.3 
Wind speed (m/s) 0.84 0.1 0.1 
Wind direction (°) 0.83 63.2 14.0 
IOA: index of agreement; RMSE: root mean square error; MBE: 
mean bias error  

Fig. 4  Curves of air temperature (a), wind speed (b), and 
wind direction (c) in the Longwan District of Wenzhou
City, China during 23–29 March and 4–10 July 2007 
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synthetic leather industrial zone, and surrounded by 
three factories (one factory to the east and two to the 
south of the station). Monitoring concentrations of 
these two stations would be affected by factories to 
their south and west due to the southwest wind di-
rection. On this day of monitoring, not all factories in 
the vicinity of these two stations may have been 
operating, which resulted in lower concentrations of 
monitored DMF in comparison to simulated ones. 
Moreover, according to the meteorological data on 
28 March 2007, wind speed between 10:00 and 12:00 
(1.6 m/s) was higher than other survey periods 
(1.1 m/s), which also resulted in a lower monitored 
DMF concentration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On 29 March 2007 (Fig. 6), the REs between 

simulated and monitored data were below 100% be-
tween 10:00 and 14:00 for all stations expect for Sta-
tion 2. The RE for Station 2 was 914.1% between 
11:00 and 12:00. The REs between simulated and 
monitored data were below 50% at seven stations for 
20 of the survey hours, accounting for 71% of the 
total monitoring points. An RE in excess of 200% was 
recorded for one station only during one hour, ac-
counting for 4% of total monitoring points. On this 
day of monitoring, a synchronous discharge of nearby 
synthetic leather factories may have resulted in 
monitored DMF concentrations being higher than 
those of simulated concentrations for several stations. 

Table 7  Wind speed and wind direction during 28–29 March and 9–10 July, 2007 
Monitoring period Wind speed (m/s) Wind direction Monitoring period Wind speed (m/s) Wind direction

10:00–11:00 1.6 SW 10:00–11:00 1.6 N 
11:00–12:00 1.6 SW 11:00–12:00 1.6 N 
12:00–13:00 1.1 SW 12:00–13:00 1 N 

28 March 

13:00–14:00 1.1 SW 

9 July

13:00–14:00 1 N 
10:00–11:00 1.5 S 10:00–11:00 1.8 S 
11:00–12:00 1.5 S 11:00–12:00 1.8 S 
12:00–13:00 1.5 S 12:00–13:00 1.3 S 

29 March 

13:00–14:00 1 S 

10 July

13:00–14:00 0.7 S 

Fig. 5  Ambient DMF concentration for 28 March 2007 at 10:00–11:00 (a), 11:00–12:00 (b), 12:00–13:00 (c), and 
13:00–14:00 (d)  
The monitored DMF concentration at Station 1 at 10:00–11:00 on 28 March was missing due to the device malfunction 
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On 9 July 2007 (Fig. 7), the REs of simulated 
versus monitored data for all stations were below 
100% between 10:00 and 11:00. Between 11:00 and 
12:00, the RE values for Stations 5 and 7 were the 
largest (125.8% and 189.4%, respectively). Between 
12:00 and 13:00, the RE for Station 4 reached 
1067.0%. Simulated DMF concentrations for Station 
4 during other periods were also much higher than the 
concentrations recorded at other monitoring stations, 
which can be explained by that some factories close to 
Station 4 did not emit DMF on this particular moni-
toring day. The RE of Station 6 was the largest 
(323.7%) between 13:00 and 14:00. Wind direction of 
the monitoring period was north and the only nearby 
factory was downwind of Station 6, which may have 
resulted in a lower monitoring concentration. Overall, 
the REs between simulated and monitored data were 
below 50% at seven stations for 19 of the survey 
hours, accounting for 68% of the total monitoring 
points. REs in excess of 200% were recorded for two 
of the survey hours, accounting for 7% of total 
monitoring points.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On 10 July 2007 (Fig. 8), the REs of simulated 

versus monitored data for Stations 1 and 5 were 
greatest between 10:00 and 11:00 (171.1% and 
388.4%, respectively). Between 11:00 and 12:00, the 
REs of these two stations were also the largest 
(178.8% and 353.4%, respectively). The nearby fac-
tories located to the east and north of Stations 1 and 5. 
The lower monitoring DMF concentrations between 
10:00 and 12:00 may be attributed to relatively heavy 
winds (1.8 m/s) from the south direction. Between 
12:00 and 13:00, Stations 3 and 4 had the largest REs 
(305.7% and 165.6%, respectively). Between 13:00 
and 14:00, the REs of all stations were below 100% 
except for Station 6, which had an RE of 148.2%. 
Emission from the only factory to the south of the 
Station 6 and the lower wind speed (0.7 m/s) may 
result in the higher monitoring concentration of the 
station during this period. Overall, the REs of simu-
lated versus monitored data for seven stations were 
below 50% for 12 of the survey hours, accounting for 
43% of the total monitoring points. REs in excess of 
200% were recorded for three of the survey hours, 
 

Fig. 6  Ambient DMF concentration for 29 March 2007 at 10:00–11:00 (a), 11:00–12:00 (b), 12:00–13:00 (c), and 
13:00–14:00 (d) 
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Fig. 7  Ambient DMF concentration for 9 July 2007 at 10:00–11:00 (a), 11:00–12:00 (b), 12:00–13:00 (c), and  
13:00–14:00 (d) 
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Fig. 8  Ambient DMF concentration for 10 July 2007 at 10:00–11:00 (a), 11:00–12:00 (b), 12:00–13:00 (c), and  
13:00–14:00 (d) 
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accounting for 7% of the total monitoring points. 
Although larger REs were recorded at almost every 
station at some point during the monitoring period 
during this day, the tendency for the simulation to 
record variable DMF concentrations at different sta-
tions resulted in a close match with monitored DMF 
concentrations. 

The total monitoring point results of these four 
days are 112 (i.e., 7 stations×4 h/d×4 d/station). 
Overall, the REs of simulated versus monitored data 
for seven stations were below 50% for 64 of the sur-
vey hours, accounting for 57% of the total monitoring 
points. Overall, REs exceeding 200% were recorded 
for eight of the survey hours, accounting for 7% of the 
total monitoring points. In total, 93% of the REs of 
simulated versus monitored data were within the 
range of 0.48%–189.4%. In order to evaluate the air 
pollutant dispersion Modelling results, it was impor-
tant that the variety tendency of the simulated data 
closely matched that of the monitored data. Figs. 5–8 
clearly showed that the simulated concentrations of 
all seven monitored stations produced similar results 
to the monitored concentrations. 

4.4  Simulation of annual average DMF concen-
trations in 2006 

Wind rose for the study area in 2006 is shown in 
Fig. 9. The prevailing wind direction in 2006 is north- 
north-east and the average wind speed is 3.0 m/s, 
which were in accordance with the representative 
meteorological conditions of the study area. Before 
2003, DMF emissions of the study area kept growing 
with an increase of total production lines. Between 
2003 and 2005, control measures were introduced to 
regulate DMF emissions, and total DMF emissions in 
the study area reduced gradually during these years. 
Since 2006, emissions of DMF stabilized at a relative 
low level (2.27×107 kg/yr). So, we selected the year 
of 2006 to simulate ambient DMF concentrations. 

The simulated ambient DMF concentrations for 
2006 of the approximate 100 km2 modelled study area 
are shown in Fig. 10. In this figure, dark blue grids 
contain synthetic leather manufacturing factory pro-
duction lines, accounting for 1.6% of the total grids. 
Red colored grids represent annual average ambient 
DMF concentrations of 4.0–9.75 mg/m3, green are of 
1.0–4.0 mg/m3, yellow are of 0.4–1.0 mg/m3, and 
light blue colored are of less than 0.4 mg/m3, which 

account for 0.15%, 2.5%, 7.02%, and 88.73% of the 
total grid area respectively. DMF concentrations were 
the highest at the north and southwest sections of the 
study area. This pattern can be attributed to the high 
density of nearby synthetic leather factories. The 
DMF fugitive emission threshold for industrial en-
terprises fenceline in China is 0.4 mg/m3 (MEP- 
GAQSIO, 2008). However, 11.27% of simulated 
average annual DMF concentrations of the study area 
recorded exceeded the threshold, even in the Long-
wan residential area. Available worldwide datasets 
with respect to ambient air DMF concentrations are 
limited. For example, in Lowell, Massachusetts, am-
bient DMF concentrations were above 0.15 mg/m3 of 
the industrial zone, and 0.024 mg/m3 in the residential  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9  Wind rose for the study area in 2006

Fig. 10  Annual average ambient DMF concentration 
during 2006 using 100 m×100 m grids in the study area of 
the Longwan District of Wenzhou City, China 
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area (Amster et al., 1983). In Germany, ambient air 
DMF concentrations of more than 5 pg/m3 were re-
corded (CEPA, 1999). In Japan, ambient air DMF 
concentrations have been reported to be in the range 
of 0.1–10 mg/m3 (Environment Agency Japan, 1996). 
However, given that the data from those studies were 
collected in the 1980s and 1990s, they may not rep-
resent current DMF concentrations.  

4.5  Daily maximum simulated DMF concentra-
tions in 2006 

As DMF concentration was simulated for each 
grid, maximum daily DMF concentrations were the 
highest values of these concentrations everyday. As 
presented in Fig. 11, simulated maximum daily DMF 
concentrations for 2006 were in the range of 
0.54–40.27 mg/m3. The regulated exposure limit in 
China for DMF concentration in the air of a work-
place is 10 mg/m3 (MHPRC, 1979). For 71 d of 2006 
(or 19.5% of the year), simulated maximum daily 
DMF concentrations were above 10 mg/m3. In other 
words, for one fifth of the year, DMF emissions 
would have been high enough to have a serious im-
pact on human health in the Longwan District. For 
107 d of 2006 (or 29% of the year), simulated 
maximum daily DMF concentrations were in the 
range of 4.0–10 mg/m3. For 173 d of 2006 (or 47.4% 
of the year), simulated maximum daily DMF con-
centrations were in the range of 1.0–4.0 mg/m3. For 
15 d of 2006 (or 4.1% of the year), daily maximum 
simulated DMF concentrations were below 1.0 mg/m3. 

4.6  Uncertainty analysis 

Because data were modelled in this study, there 
was an expected degree of uncertainty derived from 
 

 
 
 
 
 
 
 
 
 
 
 
 

several parameters. First, the DMF emission inven-
tories were established based on daily DMF con-
sumption, disposal, and recycling in the manufacture 
of synthetic leather. Total DMF emissions in a year 
were closely related to the operating time of 54 syn-
thetic leather factories. In our study, we set 210 d 
(24 h/d) as the average operating time for all factories 
in a given year. However, each factory in the study 
area had different operating times according to 
product demands, which ranged between 180–300 d 
of the year. Therefore, the use of 210 d as the average 
operating time may result in an uncertainty of DMF 
emission inventories. Second, during the investiga-
tion, the control facilities of some factories were not 
operational due to their being upgraded. This would 
have resulted in simulated DMF emissions and DMF 
concentrations that were higher than the monitored 
values. Third, because meteorological stations were 
not present in the immediate study area, the mete-
orological data used in our study were simulated us-
ing MM5. Onsite meteorological data were not 
measured during monitoring; instead, we used mete-
orological data from nearby meteorological stations 
to validate the simulated results of MM5. Comparison 
of simulated and monitored meteorological data in-
dicated that the IOA and RMSE of wind speed were 
0.84 and 0.1, respectively. The IOA and RMSE of 
wind direction were 0.83 and 63.2, respectively. 
Therefore, MM5 simulations performed well for wind 
speed, and the uncertainty of the simulation was 
mainly due to wind direction. 

 
 

5  Conclusions 
 

In this paper, the urban DMF emission invento-
ries of 54 synthetic leather factories in a small-scale 
industrial area were established using the mass bal-
ance method. Annual and daily average concentra-
tions of DMF in 2006 were simulated using AER-
MOD with receptor grids of 100 m×100 m. Actual 
DMF concentrations recorded at seven DMF moni-
toring stations were compared with simulated results 
for the same timeframe. The results showed that the 
DMF emissions of wet and dry production lines were 
about 1.081×105 and 6.35×104 kg/yr, respectively. 
Simulated annual average ambient DMF levels for the 
study area ranged from 0.048 to 9.75 mg/m3. The 
highest average simulated daily DMF concentrations 

Fig. 11  Simulated maximum daily DMF concentrations 
versus permitted workplace levels in 2006 
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for grids outside of the workplace ranged from 0.54 to 
40.27 mg/m3. Higher DMF concentrations were 
found in the vicinity of synthetic leather factories. 
The simulated concentrations of all seven monitoring 
stations produced similar results to the monitored 
ones. In total, 93% of the REs of simulated versus 
monitored data were within the range of 0.48%– 
189.4%. The variety tendencies of the simulated data 
closely matched those of the monitored data. 

In the study area, DMF emission concentrations 
from chimney stacks and in the workplace of every 
factory were within the regulated emission limits. 
However, for 20% (71 d) of 2006, daily average am-
bient DMF concentrations in sections of the grid ex-
ceeded the workplace DMF concentration limit. 
Therefore, the maximum permitted emission of DMF 
from this industrial zone requires further regulation to 
protect the health of people in the Longwan District. 

The DMF environmental capacity can be evalu-
ated according to GIS-based DMF concentration 
simulations and the ambient DMF environmental 
quality standard. This information could be used to 
calculate the maximum DMF emissions within a 
specified region. Based on the geographic location of 
each factory, the emission quota of each factory could 
be established for environmental management. 

Usually, high concentrations of air pollution 
occur in areas of close proximity to emission sources. 
As a result, air pollution in such areas is likely to be 
more harmful to humans, particularly in small-scale 
areas. Hence, it is vital to assess the health risk to 
humans posed by these sources of pollution 
(Venkatram et al., 2004). GIS-based DMF concen-
tration simulations using 100 m×100 m grids provide 
detailed DMF concentration distributions against 
which to conduct human health risk assessments and 
human exposure-response function research, par-
ticularly in areas where field monitoring data may not 
be available.  
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