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Motivation AQ®S

Health Effects of Benzene (EPA)
Acute: Neurological effects, irritation of the eye,
skin and respiratory tract
Chronic: Blood disorders (reduced number of red
blood cells and aplastic anemia), cancer

@ RULE 1180. REFINERY FENCELINE AND COMMUNITY AIR MONITORING
® (a) Purpose

SA°‘3‘I§’°|3[S; The purpose of this rule is to require real-time fenceline air monitoring systems

Air Resources Board

Recommendation:

R-AT1 CARB and CAPCOA should support demonsiration and
implementation of ORS and spectral flux technology projects in SCAQMD and
elsewhere as these technologies are validated for refinery air monitoring

Refinery Emergency Air Monitoring Assessment Report

Objective 2: Evaluation of Air Monitoring app“catinns -

Capabilities, Gaps, and Potential Enhancements

March 2019




UV Absorption Spectroscopy A@®S
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Absorptions by Aromatic Hydrocarbons A@®S

» Rayleigh (air) and Mie (particle) scattering

 Strong (saturated) narrow O, absorptions
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Di

Ifferential Optical Absorption Spectroscopy
Absorption path-length: L

% 3*;.‘,?\\‘\3\” O%K)

Detector I(A) Trace Gas Absorptions

Lamp 15(A)

Cross-Sections: o;(A)

() =1,(2)-exp(-C-o(4) L)

Modified Beer’s Law

C: Trace gas concentration can be directly
calculated based on path-length, and the physical
constant of the absorption cross section.
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o() [cm’]

A®S

DOAS: Separation of broad

and narrow absorption
features:

Only narrow-band depth is
measured




Data Retrieval Approach

Least squares fit of function F to
In(1/1,):

F(i) = Pr(i)+iaj xS;(1)

P; polynomial for broad structures
S;, reference spectra
g; scaling factors:

Reference spectra calculated from
literature high-resolution
absorption cross sections.

Determination of concentration
and uncertainties from retrieval.

Conc; =a;/ (o; x L).
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Reference spectrum: Sy(i)

0.1
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Absolute Retrieval

All reference spectra are
calculated from literature
Cross sections

Lamp measured at the source
No calibration needed

Relative Retrieval

Use of atmospheric
reference

Trace gas reference spectra
are calculated from
literature cross sections
Calibration often performed



Monte Carlo Retrieval Tests

arb. units

Simulation in high spectral resolution (AA=0.001nm)

A®S

I(k): ILamp (7\,) ’ Tinstrument ’ exp[_(GRayleigh(k) ’ Cair + GMie(K) ’ Naerosol + Z 61(7») ’ Ci) ’ L] + NOise(k)

All parameters, except the benzene mixing ratio,
randomly varied within atmospheric conditions
— 1000 different atmospheric spectra

Deqgradation to spectrometer resolution
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Absolute vs. Relative Retrieval (5ppb benzene, no straylight) A@®S
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Absolute Retrieval with O, temperature correction
Mean: 4.98 ppb

StdDev: 0.12 ppb
meanError: 0.08 ppb (normally reported as 0.16ppb)

Relative retrieval with O, temperature correction:
Reference with 0.1 ppb benzene

Mean: 4.96 ppb
StdDev: 0.23 ppb
meanError: 0.12 ppb

Relative retrieval without O, temperature correction:
Reference with 0.1 ppb benzene

Mean: 4.89 ppb
StdDev: 0.16ppb
meanError: 0.15ppb



Theoretical Retrieval Dependencies A@®S

0.6
Small atmospheric transmissivity —
I - U 0.5 f
Impact on detection limit 3
=047
« Up to 1.5 km total path length — little E
variability in sensitivity g 03
« Strongly dependent on ozone and visibility g o2y
0.1

200 400 600 800 1000 1200
tele.-retro. distance (m)

O, absorptions are non-linear at low

o
spectral resolution = sl
 Introduction of spectral artifacts in analysis. g
« Dependence of benzene M.R. and errors on 2 o0
temperature and pressure. § ’
« Corrected in absolute retrievals but not in 2 005!
relative retrievals 3 0 5 o0 s 1o

change in air density (%)



Theoretical Retrieval Dependencies A@®S

O, absorption is temperature dependent
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Spectrometer Straylight A@®S

undetected 15t order

« Suppression of unmeasured wavelength by
spectrometers imperfect.

« Produces a background (socket) intensity in the
spectrometer

(M) = Lspray(A) + Tp (1) x e7*&E

detector

al‘//;g
|

mirrors

8Fryz:

entrance slit

 Problems in the data retrieval

« For Xe-arc lamps (most common light source)
95-99% of incoming light needs to be - XE-arc lamp spectrum
suppressed I
| range used for benzene
Solution
 Better spectrometer ($$$)
« Use filters
« Use different light source

« Correct during of after retrieval (difficult) STV Y —————

Wavelength (nm)



Impact of spectrometer straylight (3% of 270nm intensity, 5ppb benz)
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Absolute Retrieval with O, temperature correction

Mean: 4.74 ppb
StdDev: 0.44 ppb
meanError: 0.16 ppb (normally reported as 0.32ppb)

Relative retrieval with O, temperature correction:
Reference with 0.1 ppb benzene

Mean: 4.35 ppb
StdDev: 0.26 ppb
meanError: 0.10 ppb

Relative retrieval without O, temperature correction:
Reference with 0.1 ppb benzene

Mean: 4.31 ppb
StdDev: 0.23 ppb
meanError: 0.11 ppb



UCLA LP-DOAS instruments
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Fiber telescope setup with wide and accurate rotation capability.
Dual LED light source to reduce spectrometer straylight
Research quality spectrometer/detector.

Fully automated with near-realtime analysis capability

Stutz et al., 2016



Spectral Analysis of Field Data
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» 31.4 +0.8 ppb of toluene (770m path)
 11.0 £ 0.6 ppb of m-xylene (770m path)
 4.9+0.2 ppb of p-xylene (770m path)



Fenceline Application: Benzene A®S
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* Benzene correlated with wind direction
— Atrr_lc?sphe_rlc t_)ackground ~0.8ppb Average error: 0.3 ppb
— Facility direction ~2.6ppb
» Temporal resolution ~1min Average detection limit ~0.4 — 0.6 ppb

« Fully automated operation for ~3 months
Stutz et al., 2016



Instrument Performance during BEE-TEX in Houston A@®S
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Detection limits calculated from retrieval error for each measurement



A®S

The BEE-TEX Experiment in Houston

* February 2015

BEnzEne

Ip Channel.

the Houston Sh
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« Manchester Neighborhood




BEE-TEX CAT-DOAS A@®S
 |Reflector Location | Distance (m) _

Manchester St. LP-DOAS

LP-DOAS scaffolding tower at Hartman Park 770
Southern end of IH610 bridge 1203
Telescopic tower south of LP-DOAS 270
Hartman Park LP-DOAS

IH610 bridge 513
Southern end of IH610 bridge 526
Telescopic tower at the exit ramp of the IH bridge 689
Telescopic tower near the Central St. bridge 740

Observations Analysis / 2D Reconstructions

* From 2/9 — 2/28{15 « Real-time computer aided tomography (CAT)
* Two LP-DOAS Iinstruments retrievals of 2D concentration fields

* 7 light paths from 270 -1203m length « Re-analysis using high-resolution HARC 3D
Eulerian air quality model (QUIC-based) with

adjoint 4Dvar data assimilation (Olaguer et al., 2017)




Toluene Plume 2/19 Reconstruction
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Stutz et al., 2016

LP-DOAS reconstruction agrees
well with reconstruction from
mobile lab observations

Olaguer et al., 2017

Mobile Lab-based Reconstruction



What is next? The Optical Tent

Bring 2D sensing capability into a petrochemical facility
Measurement of benzene, toluene, xylene’s, etc.

Provide near-realtime observations to alert facility of emission events.
Provide guidance on location of emissions

Optical tent will shorten time
between release event and mitigation

J

Reduced emissions

Two LP-DOAS instruments + 10-12 light paths cover entire facility.

BTEX detection limits similar to previous field deployments ~0.5 - 1 ppb.

Integration with fenceline systems and facility operation.

\b

& Lp-DOAS

> Retroreflector

Optical Tent in Refinery



Conclusions A@®S

 State-of-the-art LP-DOAS systems provide reliable observations of benzene, toluene,
xylene’s
— Theoretical benzene detection limits around 0.25 — 0.5 ppb
— Practical detection limits ~ 0.3 — 0.6 ppb for benzene, and 0.3 — 1 ppb for other BTEX compounds
— UCLA LP-DOAS compares well with other methods for benzene and toluene

« 2D CAT-DOAS approach successfully demonstrated during the BEE-TEX experiment
In Houston.
— Successful BTX measurements on light paths longer than 1.5 km.
— Reconstruction of concentrations fields (near-realtime and re-analysis)
— ldentification of emission sources

 Optical tent will bring 2D capability inside facilities.
— Alarm system to warn facility operators of release events
— Provide guidance for location of emission source
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