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Since the industrial revolution until 2018, the extensive com-
bustion of fossil fuels had increased carbon dioxide (CO2) concen-
tration in the atmosphere by 147%, reaching (407.8 ± 0.1) ppm
(1 ppm = 1 � 10�6 L/L) [1]. The resulting greenhouse effect had
triggered an increasing number of extreme climate disasters such
as heat and cold waves [2–4]. The combustion of fossil fuels, partic-
ularly coal, typically produced high levels of polluting gases, such
as nitric oxide (NO), nitrogen dioxide (NO2), and sulfur dioxide
(SO2) [5], leading to an increase in the incidence and mortality
rates of cardiopulmonary diseases, as well as a decline in urban vis-
ibility [6,7]. The emission inventories of coal-fired power plants,
which were the primary source of these gases in cities, may vary
depending on the power generation processes utilized [8]. There-
fore, better observation of plant emissions was required.

Remote sensing methods have been widely used to monitor
various air pollutants (including NO2 and SO2) [6,7]. One com-
monly used inversion method based on Lambert-Beer’s law was
differential optical absorption spectroscopy (DOAS), which was
utilized to distinguish the spectral absorption characteristics of
various trace gases [9]. Fourier transform infrared (FTIR) spectrom-
etry, particularly EM27/SUN FTIR (EM27), was commonly used to
collect direct solar radiation in the near-infrared spectral region
to obtain column concentrations of CO2, CH4, and H2O [10,11].
However, FTIR cannot image emissions because it can only retrieve
greenhouse gases using direct sunlight [11]. Furthermore,
researchers had employed remote sensing technology to monitor
power plant emissions based on precise calculations of meteoro-
logical parameters, such as clouds [12–15]. Their findings revealed
that the diffusion characteristics of NO2 and CO2 were similar over
a broad range (R = 0.67), implying that the CO2 emission character-
istics of power plants can be characterized by NO2. In this study,
we aimed to quantitatively image the exhaust gases (i.e., SO2 and
NO2) emitted by power plants using joint observations of multi-
axis-DOAS (MAX-DOAS) and EM27.

The coal-fired power plant investigated in this study was in
located Hefei (31.91�N, 117.25�E), as shown in Fig. 1a. We con-
ducted two observation campaigns on sunny days, one on Novem-
ber 30, 2020, and the other on June 2, 2022. The wind conditions
during both campaigns were classified as Beaufort scale 3 in the
northeast and southwest, with temperatures of approximately
279 and 306 K, and air quality index (AQI) values of 64 and 43,
respectively. In the first campaign, a two-dimensional observation
was performed using MAX-DOAS to directly obtain the image of
NO2 and SO2 (Fig. 1b and File S1 online). In the second campaign,
both EM27 and MAX-DOAS were operated in direct-sun observa-
tion mode. The top of the chimney’s projection position was pre-
calculated based on the solar zenith angle and solar azimuth angle,
and the instrument location was immediately adjusted according
to the plume’s changes to ensure that the sun, plume, and instru-
ments were always collinear in monitoring the concentration of
plume components. Since water vapor emitted from coal-fired
power plant chimneys can obstruct the sun and prevent the
EM27 from obtaining spectra, the actual target area was located
where water vapor dissipates (Fig. 1c).

The slant column densities (SCDs) of the trace gases observed
by MAX-DOAS (File S1 online) were the path integral of the molec-
ular concentration on the optical path. To eliminate the influence
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Fig. 1. (a) Aerial view of the campaign area obtained from Google Earth. The red circle indicated the location of the MAX-DOAS, and the blue circle represented the chimney,
with a distance of 500 m between them. (b) The MAX-DOAS settings and weather condition during the campaign (see File S1 online for specific values of the 7 azimuth
angles). (c) Schematic diagram of experimental setup for direct sun measurement.
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of elevation angle on the integration path, we introduced the air
mass factor (AMF). The vertical column density (VCD) of trace
gases, corresponding to different elevation angles i, was calculated
using

VCD(i) = SCD(i)/AMF(i). ð1Þ
If there was no significant upwind emission source, their values

were subtracted to obtain VCDbackground-corrected using

VCDbackground�corrected(i,j) = VCD(i,j)—VCD(i,j0), ð2Þ
where j represented different azimuth angles and j0 represented the
upwind azimuth angle. High VCDbackground-corrected values appeared
within the plume area. Values outside the plume were considered
to be due to fluctuations in the background values and were set to 0.

In this study, we assumed a circular cross-sectional shape for
the plume. By knowing the distance D from the MAX-DOAS to
the chimney (see Fig. 1a; D = 500 m), the plume radius r could
be calculated based on a geometric relationship (Fig. S1 online).
The calculated plume height h(i,j) at a certain elevation angle i
and azimuth angle j could be calculated accordingly. The path-
averaged concentration ci,j can be calculated using

c(i,j) = k1 � M � VCD(i,j)/(h(i,j) � NA), ð3Þ
where k1 represented the unit conversion coefficient. When the unit
of c(i,j) was mgm�3, k1 equaled 1� 107 (converted from g cm�2 m�1

to mg m�3).M represented the relative molecular mass of the target
gas (g mol�1), and NA was the Avogadro constant (mol�1).

Combined with wind field data, the emission fluxes F(j) of target
gases can be further calculated using

F(j) = k2 � c(j) � v � p � r2 � sinc, ð4Þ
where k2 was another unit conversion coefficient. When F(j) was
expressed as kg h�1, k2 equaled 3.6 � 10-3 (converted from mg s�1

to kg h�1). c(j) was the average concentration of the target trace gas
observed at azimuth j. v represented the wind speed, and c denoted
the angle between thewinddirection and the azimuth viewing angle.

We partitioned the CO2 data into peak and non-peak sequences
by applying a threshold equaled to the CO2 background concentra-
tion plus 60% of the maximum concentration enhancement. The
conversion coefficients kcenter and kboundary (unit of both: molec
cm�2 cm2 molec�1) were computed at the center and boundary
of the plume using Eqs. (5) and (6), respectively:

kcenter ¼ VCDCO2
�VCDCO2 ;background

VCDDS�VCDDS;background
; VCDCO2

> threshold; ð5Þ

kboundary ¼ VCDCO2
�VCDCO2 ;background

VCDDS�VCDDS;background
; VCDCO2

< threshold: ð6Þ
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The CO2 VCD image of the plume was generated using

VCDCO2 plume ¼
kcenterVCDplume; centre;
kboundaryVCDplume;boundary:

�
ð7Þ

VCDCO2 was the average value of the CO2 VCDs that satisfied the

conditions in Eqs. (5) and (6). VCDDS was the average NO2 or SO2

VCDs measured simultaneously with EM27 using the MAX-DOAS
direct sun mode. The subscript ‘‘background” here referred to the
average value during background observation. If the concentration
of the polluted gas was lower than the detection limit of MAX-DOAS
during the observation, the subscript ‘‘background” referred to the
lowest value (for VCDDS) when CO2 was at the background level.
VCDplume was the NO2 or SO2 VCDs on the plume grid with the back-
ground concentration subtracted. The CO2 emission fluxes could be
calculated using Eq. (4).

Fig. 2a–f showed the average concentration of SO2 and NO2 in
different light paths in three cases. The highest NO2 concentration
((0.55 ± 0.83) mg m�3) was observed in Case 1, while the highest
SO2 concentration ((3.67 ± 2.80) mg m�3) was observed in Case
3. Both gases had low emissions in Case 2. Table S1 (online) dis-
played the average results for each case, indicating that the average
fluxes of the both gases were maximum in Case 2 (NO2:
(10.41 ± 5.78) kg h�1, SO2: (85.31 ± 97.67) kg h�1).

The time series of CO2, NO2, and SO2 observed on June 2, 2022,
were shown in Fig. S2 (online). Background observations were per-
formed by the instruments prior to 08:24 (UTC), during which the
average values of CO2 and NO2 VCDs were 6.02 � 1021 and
1.84 � 1015 molec cm�2, respectively. The concentration of SO2

was lower than the MAX-DOAS detection limit during this period.
At �8:24 (UTC), we first observed a high CO2 VCD of 6.44 � 1021

molec cm�2 and simultaneously, the NO2 and SO2 VCDs increased
to 1.31 � 1016 and 7.90 � 1016 molec cm�2, respectively, which
were significantly higher than the background values. During
plume observation, we found strong correlations between the
three components (Fig. S3 online), with the strongest correlation
being between SO2 and CO2 VCDs (R = 0.90). The threshold CO2

VCD was 6.54 � 1021 molec cm�2, and only the MAX-DOAS aver-
aged data with a time difference of less than 10 s with EM27 data
were used. The CO2 imaging results converted from SO2 and NO2

were shown in Fig. 2g–l. Among these three cases, the highest
average CO2 concentration was (36,498.16 ± 40,462.49) mg m�3

converted from SO2 in Case 1, and the highest average CO2 emis-
sion flux was (915,408.18 ± 3,851,071.64) kg h�1 in Case 2
(Table S2 online). It should be noted that the result converted from
NO2 was the same, although the values were slightly lower, which
was (35,069.90 ± 54,957.60) mg m�3 in Case 1 and
(818,965.29 ± 736,942.02) kg h�1 in Case 2.



Fig. 2. Average concentration of SO2 (a–c) and NO2 (d–f) in different light paths in three cases: Case 1: UTC 2:47–3:08, Case 2: UTC 3:30–3:50, and Case 3: UTC 3:50–4:11. CO2

imaging results were converted from SO2 (g–i) and NO2 (j–l).
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According to the2019 and2020 annual enterprise environmental
reports of Wanneng Hefei Power Generation Co., Ltd. (https://www.
wenergy.cn/info.php?class_id=102104, last access date: March 2,
2021, Table S3 online), the power plant tested two units every quar-
ter. Thewintertime SO2 andNO2 concentrationswere 12.0–22.7 and
1.0–1.7 mg m�3, respectively, which were generally 226.98%–
804.38% and 81.82%–608.33% higher than those we measured. It
should be noted that the SO2 and NO2 concentrations observed dur-
ing sampling were only representative of their concentrations at the
sampling site. The volume of the plume increased rapidly, resulting
in a significant decrease in SO2 and NO2 concentrations after the
exhaust gases were emitted from the chimney. Considering the
annual operation time of these two power plant units (including
the condition of these two units operating independently), the
hourly averaged SO2 and NO2 emission fluxes of the power plant
were 59.73 (=28.93 + 30.80) kg h�1 and 4.68 (=2.28 + 2.40) kg h�1,
respectively. The observed deviations of SO2 and NO2 in this study
were �46.23%–42.82% and 0.37%–122.41%, respectively. Given that
the maximum SO2 and NO2 concentrations were 44.58% and
66.50%higher than theirminimumvalues during only oneunit oper-
1250
ation, respectively, the deviations of the SO2 and NO2 observation
results were acceptable. Unfortunately, the environmental report
of the power plant only provides total annual CO2 emissions data
for 2019, totaling 6,014,599,110 kg. Combining the operating time
of the two units, we estimate the average CO2 emissions flux of the
single unit of the power plant to be 484,641.45 kg/h
(969,282.90 kg/h when two units were working). Therefore, it indi-
cated that the CO2 imaging results were reliable and this technology
can help improve the development of emission inventory.

The possible errors were primarily due to SCD retrievals, algo-
rithm assumptions, and uncertainties in ancillary data. The uncer-
tainties in the plume range, determined by the resolution of the
elevation angles, introduced the maximum concentration errors.
As a result, the errors of the final results were positively linear
(Fig. S4 and File S1 online). It should be noted that the proportions
of NO2, SO2, and CO2 could be influenced by factors such as the out-
put power, combustion conditions, and unit operation status, as
well as other factors specific to coal-fired power plants.

To improve the understanding of the emission inventory of
coal-fired power plants, we conducted joint observations near a
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power plant in Hefei using ground-based MAX-DOAS and EM27.
This study found that SO2, as a primary pollutant, was a better indi-
cator of coal-fired power plant emissions and can be used to cali-
brate NO2 and CO2 emissions in areas where strict sulfur
emission standards were enforced. Although this method required
ideal meteorological conditions, it provided a remote and dynamic
power plant emission inventory measurement scheme that can be
easily applied to other scenarios (such as steel mills) to reduce air
pollution and carbon emissions, and promote sustainable develop-
ment. Moreover, this method had the potential to acquire exten-
sive information on emissions, and was not limited to
observations of the aforementioned gases.
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