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Measurement Method for Low-concentration SO, Based on Statistics and DOAS
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Optoelectronic Engineering s Chongqing University s Chongging 400044, China)

Abstract: In order to monitor SO, emission from coal-fired power factories and meet national ultra-low
emission standards, measurement method for low-concentration SO, via short optical length is proposed.
At known pressure and temperature conditions, dataset of differential absorption cross section was
constructed with various concentrations of standard gas, utilizing differential optical absorption
spectroscopy (DOAS). In accordance with standard deviation and average of the dataset, combined with
results of concentration inversion, spectral window was gradually reduced from 200~400 nm to 294~
308 nm. For each point in 294 ~ 308 nm, where there are 137 sampling points, statistics and standard
deviation were applied to characterize consistency of differential absorption cross section. It was only
when standard deviation and average at sampling point met requirements that the point was reserved to
optimal point set. So optimal dataset of differential absorption cross section and optimal sampling points
were constructed eventually. At same pressure and temperature conditions, SO, concentration in flue
gases can be accurately calculated by the optimal dataset and DOAS. In the laboratory, measurement
range is 2~30 pL/L, temperature and pressure are 299.05 K, 101.33 kPa, while optical length and
volume of gas cell are 420 cm, 0.5 L correspondingly. Experimental results show that inversion
concentration performs superior repeatability within 72 h, relative error is less than 1.7%, full scale

error is below 1.3%, and zero drift is 0.09 ul./L. With 420 cm optical length, the method can precisely
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measure low-concentration SO, under 30 pl./L, resolve conflicts between concentration and optical
length, which is suitable for study of ultra-low emission monitoring system used in coal-fired power
plants.

Key words: Atmospheric optics; Gas detectors; Statistics; Sulfur dioxide; Absorption spectroscopy; Flue
gases; Differential optical absorption spectroscopy
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0 Introduction

Coal-fired power plants, emitting contaminants such as NO;, and SO, which seriously affect human
health and environment™, are main form of Chinese power stations. In order to achieve green
development, ultra-low emission policies have been issued by Chinese government and restrict SO,
emission standard to 30 pL/L (at 299.05 K, 101.33 kPa). Therefore, measurement range of SO, monitor
must be restricted to 30 pul./L or less, while optical length of gas cell must be short enough considering
system integration.

DOAS algorithm is widely applied in SO, measurement, by the linear relationship between differential
optical density and differential absorption cross section. With zenith-sky mobile DOAS measurements,
Constantin et al*!, observed SO, and NO, vertical column density. Utilizing modeled Fraunhofer reference
spectrum and automated DOAS networks, Luebcke et al®. retrieved SO, column amounts. Automatic
plume segmentation was also applied in the field by Osorio et al™!, while gas imaging techniques were
adopted in imaging DOAS by Platt et al™. Installed measurement instruments at about 5 m above the
ground, Bouebdelli et al’®. researched pollutants concentrations variability. By means of broadband
absorption spectroscopy in wavelength range 198 ~ 222 nm, Wang et al™. designed a highly sensitive
detection for SO,. Temporal variation and vertical distribution of SO, were characterized by Wang et al**!.
based on multi-axis differential optical absorption spectroscopy.

For SO, monitor designed on active DOAS, lower limit and high precision are accompanied by long
optical length, which is not conducive to industrial production and instrument integration. Moreover,
considering repeatability and adaptability, the paper proposes a novel method via DOAS and statistics, to
resolve the conflicts between measurement limit and optical length. For the reason that differential

190 " the method constructed

absorption characteristics change dramatically with temperature and pressure
dataset of absorption cross section varying with environment, which was adopted to retrieve SO,
concentration in corresponding environment. Different spectral windows for concentration retrieval produce

L1 - 56 the optimal spectral window we used was determined by statistics. In the study,

different accuracy
temperature and pressure are 299.05 K, 101.33 kPa correspondingly. Optimal dataset of absorption cross
section and sampling points were constructed in proper spectral window (294 ~ 308 nm). Experimental
results show that the optimal dataset can measure low-concentration SO, under 30 pL/L with improved

accuracy. and resolve conflicts between optical length and lower limit.

1 Basic theory of DOAS

As shown in Fig.1, a beam of incident light whose intensity is I, (1;), passes through gas cell

containing SO,. Transmitted intensity expressed as I (A;) is measured by spectrometer. Taking into

[12]

account Rayleigh scattering, Mie scattering, instrument error and turbulence etc."'”, mathematical model

is expressed as'*

ITA)=I,(A:) exp[—L * (c(A;) * C+€R(Ai)+€M(/\i))] cAX) @)
L
Incident > Transmitted
intensity/ (1) § o intensity /(1)

LA /V\
oS e Ny 4-*”
AN, j

Light source Spectrometer

Lens Lens

Fig.1 Schematic diagram of DOAS
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where, A; denotes sampling point of wavelength; L is optical length (cm); and ¢ is concentration of SO,
(molecule/cm®); o (A;) denotes absorption cross section (cm”/molecule); ex (A;) and ey (1;) are Rayleigh
and Mie extinction coefficient respectively; A (1,) is attenuation factor of system™"".

According to gas absorption characteristics, o (4;) is separated into two parts.

o (A) =0 (A1) T (1)) (2)
where, 040 (A1) varies slowly with wavelength due to Rayleigh scattering, Mie scattering and all broad
band absorption; ¢’ (X;) represents differential absorption cross section which varies rapidly with
wavelength.

Combined with Eq.(2), Eq.(1) can be modified as
ITA)=I,x) *exp[—L+a"A)*cleexp[—L* Gunw)*ctecQ)Feu@))]-AQR)
I,(A)=I,(A:) *exp[—L * (0w (X)) * cFer (i) Tem (X)) ] = AX)) (4)
where, I, (A;) is caused by extinction, turbulence and all broad band absorption structures, and is acquired
by fifth order polynomial of I (A;) in our study.
Egs.(3) (4) can be rearranged as

, I,(x;) ,
0D (/L)Zln WZL co (Ay) * ¢ (5)
c=0D" W) /[L *6"(A)] (6)

where, OD"(X;) is differential optical density.
Consequently, in the case where differential absorption cross section has been known, gas

concentration can be deduced from OD’ (1) by the least-squares method.

2 Fundamental principle of dataset construction

In the laboratory, ¢’ (1;) is deduced from known concentration by Eq.(5). Then concentration can be
derived from ¢’ (A,) via Eq.(6) in practical application. Thus precision of 6" (1,) directly affects accuracy of
retrieval concentration. As the significant procedure of concentration measurement, optimal differential
absorption cross section is obtained by statistics in following procedures.

2.1 Optimal spectral window

Within different wavelength ranges, the overall trend of I (1) is different. As the [ifth order

polynomial of I (A;), I, () is different as well. So different wavelength ranges directly lead to different

Lo - Our study calculates concentrations in different wavelength ranges, and gradually

precision of 6" (1;)
shrink wavelength ranges by means of statistics until number of sampling points less than 200,
2.2 Optimal dataset

In the suitable spectral window determined by Section 2.1, all the sampling points are adopted to erect
original dataset (described as [A; A, A35+*A; ;1 A;]). Then matrix of differential absorption cross section
(Table 1), described as Mat,, =[6,, (A1) 6 (As) 60 (A3) 0, (Ai1) 6., (A)]", is obtained by transmitted
intensity I,, (A;) at concentration c,, (I,, (1;) represents I (A;) at ¢, ).

490 Theoretically, ¢’ (A;) remains unchanged if

o’ () is directly affected by temperature and pressure
environmental conditions remain stable. So all the data of each row in Table 1 should be theoretically equal.
That's means o, A) s oy A1) o4 (Ai) 5o G, (A1) are equivalent at point A;. However, experiments {ind that
they are different due to attenuation, fluctuation of light source, and instrument error etc.[t%1%

In order to purify dataset and minimize measurement error, data which has larger fluctuation need to

be removed. As shown in Table 1, sampling points A; and o, (A;) are reserved to optimal dataset only when

SD(A)<<4% |o" (X)) |. 4% is obtained by experiment analysis. Eventually, optimal dataset of differential

absorption cross section, which is conducive to concentration retrieval, is constructed.
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Table 1 The matrices Mat, , Mat, , Mat; -+ Mat,, calculated by concentrations ¢, , ¢, ¢3*** ¢, correspondingly

Sampling point Az Mat, Mat, Mat, Mat,, o Ay SD(A)""°
A o1 (A1) oy (A1) o5 (A1) om (A1) o (A1) SD(A,)
Az o1 (A2)  0:(Az) s (Ar) e o (A2) o (X:) SD(2:)
As oi(Ay) o (As)  os(Ry) e o (A3) o' (As) SD(A;)
Ay o1 (A1) o (Aim) o5 (Aiy) e ou (Aic1) o (A1) SD(Ai-1)
A o (A) o) oa () (A s (A) SD(A))

%

‘o (A;) is element of Mat,, at sampling point A; and concentration ¢, ; * "¢ (A;) denotes average of
each row; """ SD(A,) is standard deviation of each row. Temperature and pressure in all experiments are

consistent.

3 Experimental system and data analysis

3.1 Experimental system

Laboratory equipment used in our study is showed in Fig.2. Wavelength range and power of deuterium
lamp are 200 ~ 400 nm, 25 W respectively, optical length and volume of gas cell are 420 cm, 0.5 L
correspondingly, resolution of spectrometer is 0.12 nm. All the experiments were conducted in same
environment (299.05 K, 101.33 kPa). Concentration range was 2~30 pL./L, gradient was 1 pL/L. (Take
13 pL/L, 15 pL/L, 17 pL/L, 19 pL/L for instance, Fig.3, Fig.4, Fig.5 are depicted in {ollowing paper.)

b) Physical picture
(a) Schematic diagram (6) Phy P

1 gas cell; 2 control system for temperature and pressure; 3 computer; 4 spectrometer; 5 deuterium lamp; 6 optical fiber;
7 purification device for exhaust; 8 exhaust pipe; 9-12 SO,, NO,, NO and N, standard gas; 13 control valve;
14 gas distribution system; 15 flowmeter; 16 heating belt

Fig.2 Experimental setup
3.2 Data analysis
According to Section 2.2 and Table 1,transmitted intensity I, (A;) was obtained at concentration c,,.
Thus differential absorption cross section was acquired (Fig.3), where different volatility is presented in
different wavelength ranges. By means of preliminary concentration retrieval and theoretical

inference!'?'™

, combined with amplitude and volatility as well, the spectral window 285~ 318 nm was
selected for following analysis (Fig.4). Obviously, compared with Fig.3(c), Fig.4(a) performs superior
consistency. In accordance with average value and standard deviation in Fig.4(b), spectral window 285~
294 nm was abnegated because of its larger volatility, while spectral window 308 ~ 318 nm was also
abandoned owing to its lower magnitude. Optimal spectral window 294 ~ 308 nm, where there are 137

sampling points via the spectrometer, was acquired finally.

0230001~ 4



ZHANG Bao, et al: Measurement Method for Low-concentration SO, Based on Statistics and DOAS

£ 2 £ 0.8

3 EP

w T w T

7. B ! 7] k)

2 El 0 g e 0.4

= 2 j s 2

g e ge

&£ g5

£ 5 —2f $5 o

s ; — 13ul/L |-

== v |y 15pL/L =S

=y 17uL/L X

5T —4 5= —04

2 === 19uL/L o )

£ H 2 tou

Q 1 I 1 D 1 I

200 280 360 204 208 212 216

Wavelength/nm Wavelength/nm
(a) 200~400 nm (b) 204~217 nm

g g o

3 - P

w T w T »

2 o L

s ] g 5 0.20-

o L s 2

g2 ge

2 £ B E I

= S g

2 é_, 2 ‘:O 0.12 i

ES 3

= X EX [/

o< 5= 004

2 £ - - 19uL/L,

Q D 1 1 1 I 1 1

285 295 305 315 356 364 372 380

Wavelength/nm Wavelength/nm
(c) 285~318 nm (d) 356~384 nm

Fig.3 Differential absorption cross section deduced from I, (4;) in 200~400 nm
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Fig.4 Differential absorption cross section derived from I,, (A;) in 285~318 nm
As shown in Fig.5, differential absorption cross section in optimal spectral window displays preferable
consistency, and standard deviation becomes distinctly smaller. Even now, many unsatisfactory points,
especially around peaks, bring unfavorable deviation to concentraton retrieval. Hence the method
demonstrated in Section 2.2 was utilized to eliminate sampling points with larger error, and Table 2 was
constructed in accordance with Table 1. Optimal sampling points were obtained finally (Fig.6(a) ). Thus

optimal dataset of differential absorption cross section was acquired for retrieving concentration.
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Fig.5 Differential absorption cross section calculated from I,, (1;) in optimal spectral window 294~308 nm

Table 2 Evaluation of all the sampling points in optimal spectral window based on statistics

o' (A:) | of Mat, SD(A; ) of Mat,

Sampli oint! /nm” ) ,
AP pomt /n /(X107 em? molecule ™) /(X107 em’ molecule ™)

SD(A;)/ |6’ (A;) | Extract to optimal dataset”’

294.368 0.9347 10.0579 10.761% NO
297.891 2.6932 6.6924 2.485% YES
300.088 3.2778 5.5554 1.695% YES
304.473 1.3384 6.0861 4.547% NO
306.114 1.5298 4.2583 2.784% YES
308.299 0.6647 3.8276 5.758% NO

“ There are 137 sampling points in optimal wavelength range 294~308 nm, Table 2 just takes many
sampling points for example. " The optimal point set has 36 optimal sampling points used for deducing

optimal differential absorption cross section.
4 Results

Proper spectral window selected in the paper is 294 ~ 308 nm. and optimal sampling points in the
window is also acquired by statistics and DOAS. According to Section 1, concentration of SO, can be
calculated by optimal dataset of differential absorption cross section. As shown in Fig.6(b) and Table 3,
relative error is less than 1.7 %, full scale error is under 1.3%. In many measurement range, relative error

can be reduced to 0.8%. Moreover, measurement concentration shows favorable repeatability within 72 h.

4 — Average value 4

! ) ) 28 - —— Reference concentration 128
* Optimal sampling points |

+ Measured concentration

20 420

12 112

Optimal sampling points
/(x10~cm’molecule™")

Reference concentration/(uL-L~")
T
1

Measured concentration/(ulL L")

Average value/(x10~*cm?molecule ")
(=)

294 298 302 306 4 12 20 28
Wavelength/nm Reference concentration/(uL-L™")

(a) Optimal sampling points (b) Comparison between measured and reference concentration

Fig.6 Optimal dataset and measured concentration in the study
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Table 3 Measured concentration and relative error in 18", 19", 21™ of May

dard 18 May 19 May 21 May
Standar
. Measured . Measured . Measured )
concentration ) Relative . Relative ) Relative
. concentration concentration concentration/
/(pL L7 ] error : error . error
/(pLs L7 /(pLs L7 (L LY
13 13.08 0.62% 13.04 0.31% 12.94 —0.46%
15 15.02 0.13% 15.03 0.20% 15.07 0.47%
17 16.88 —0.711% 16.9 —0.59% 17.08 0.47 %
19 18.74 —1.37% 18.78 —1.16% 18.69 —1.63%

5 Conclusion

A novel measurement method, based on statistics of differential absorption cross section, is
demonstrated in the paper. At known pressure and temperature conditions, many experiments were
conducted with standard gas. So differential absorption cross section in each known concentration can be
calculated via DOAS. According to the theory that absorption cross section is affected dramatically by
temperature and pressure, all the cross section we got should be equal theoretically. However, it performs
superior consistency in many spectral windows, while has unfavorable volatility in other. Therefore,

optimal spectral window was selected by preliminary concentration retrieval. For each sampling point in the

range, it was reserved to optimal point set only when it met the condition where SD(A;)<<4% |¢"(X,) |.

Eventually, dataset of differential absorption cross section, which is applied in concentration retrieval, was

obtained at optimal sampling points.

In our study, optical length and volume of gas cell are 420 cm, 0.5 L correspondingly, wavelength
range of deuterium lamp is 200~400 nm, and resolution of spectrometer is 0.12 nm. Moreover, all the
experiments were conducted at same environment (299.05 K, 101.33 kPa). Optimal wavelength range
acquired in the paper are 294 ~ 308 nm, while there are 36 optimal sampling points in the range. The
relative error measured in the laboratory is less than 1.7%, full scale error is below 1.3%, zero drift is
0.09 puL./L. Meanwhile, measurement results perform superior repeatability in 72 h. With short optical
length, lower limit of SO, measurement is reduced to 2 pL/L. with proper accuracy. According to actual
situation of coal-fired power plants, the method is suitable in continuous emission monitoring system.
Following research in our team will concentrate on error analysis and enriching numbers of sample, to
enhance accuracy and reduce lower limit to 1 pL/L,
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