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In recent years, measuring emissions from flares has assumed new significance due to the high global warming potential of these species and the enormous volumes of gases flared, coupled with doubt regarding the 98% combustion efficiency (CE) estimate often used to assess the impact of flaring on climate change. Hyperspectral cameras are a particularly promising avenue since they can directly visualize the species column density contained within the entire flare plume via the absorption features of these species over the infrared spectrum. Imaging Fourier transform spectrometers (IFTS) generate a datacube of images, each of these pertain to a unique wavelength. Spectroscopic and velocity submodels are then used to obtain the species mass flow rates needed to calculate the CE. This work compares the performance of mid-wavelength infrared (MWIR) and long-wavelength infrared (LWIR) IFTSs for measuring the CE for flares at petrochemical refineries, and, for the first time, uses a LWIR IFTS to fingerprint the plume species and estimate the CE. While the MWIR camera covers prominent CO2 features, the limited dynamic range of the camera can induce lens flare artifacts originating in the combustion zone that bias quantification of the CO2 in the downstream plume. Images from the LWIR camera, in contrast, are free of these artifacts, and the dynamic range is sufficient to measure unburned fuel, key to accurate CE estimates.

Introduction

Flaring is used to convert hydrocarbons (HCs) into more benign species, principally carbon dioxide (CO2) [1]. In the case of upstream oil and gas operations, the fuel is usually natural gas (mostly methane, CH4), while for petrochemical refining it is often a more complex hydrocarbon, e.g. a by-product of a particular process [START_REF] Strosher | Characterization of emissions from diffusion flare systems[END_REF] While flaring has long been done for safety reasons, it has assumed a new significance in the context of climate change due to the significantly higher global warming potential of HCs relative to that of CO2 [START_REF] Myhre | Anthropogenic and natural radiative forcing[END_REF], particularly when the alternative is to vent the HC into the atmosphere directly.

The effectiveness of flaring is usually quantified by combustion efficiency (CE), the fraction of carbon affixed to the hydrocarbon fuel that is converted to CO2 in the flare plume. While flare CE is often taken to be close to 98% [START_REF] Of Air Quality | Parameters for properly designed and operated flares[END_REF][START_REF] Leahey | Theoretical and observational assessments of flare efficiencies[END_REF], factors like cross-winds [START_REF] Johnson | A fuel stripping mechanism for wake-stabilized jet diffusion flames in crossflow[END_REF], gas composition, over-aeration, or steam assistance [START_REF] Zamani | An experimental study on the carbon conversion efficiency and emission indices of air and steam co-flow diffusion jet flames[END_REF], can lower CE significantly [START_REF] Burtt | A methodology for quantifying combustion efficiencies and species emission rates of flares subjected to crosswind[END_REF], and, given the enormous volume of gas that is flared annually [START_REF] Worldbank | Global gas flaring tracker report[END_REF], a seemingly small difference in CE may have an enormous impact on climate change.

Flare operators, regulators, policymakers, and flare equipment manufacturers urgently need instrumentation to measure flare CE [START_REF]WorldBank, Global gas flaring reduction partnership (ggfr), global flaring and venting regulations[END_REF][START_REF] Anenberg | Global air quality and health co-benefits of mitigating nearterm climate change through methane and black carbon emission controls[END_REF]. Among the challenges associated with measuring flare CE is the difficulty of accessing the flare plume, plume spatial and temporal dynamics, and the fact that the fuel flow rate entering the flare is often unknown. Consequently, this latter quantity is often inferred indirectly based on a mass balance of carbon-containing species in the flare plume, principally CO2 and unburned HCs, which requires diagnostics that can quantify these gas-phase species. In this context, passive optical remote sensing approaches are particularly appealing. The earliest commercial approach is passive Fourier transform infrared spectroscopy (PFTIR) [START_REF] Wormhoudt | Comparison of remote sensing and extractive sampling measurements of flare combustion efficiency[END_REF], in which spectrally-resolved intensity is measured along a single line-of-sight at a prescribed distance downwind of the visible flame. The column density of all carbon-containing species and temperature are then inferred simultaneously by regressing a modeled emission spectrum to the measured spectrum, leading to a "local" CE estimate. This approach assumes that the plume is well-mixed, however, which may not necessarily be the case [START_REF] Johnson | A fuel stripping mechanism for wake-stabilized jet diffusion flames in crossflow[END_REF] .

Recent developments in hyperspectral (HS) imaging enable approaches that generate spectrallyresolved images of the entire flare plume. For example, Zeng et al. [START_REF] Zeng | Validation of a new method for measuring and continuously monitoring the efficiency of industrial flares[END_REF] then using a feature-tracking algorithm [START_REF] Horn | Determining optical flow[END_REF].
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The k th plume species carbon mass flow rate is es-

11 timated from: ṁC,k = MC M k Θ ρ k (θ)u(θ)dθ ( 2 
)
where MC is the carbon molar mass, M k is the k th 13 species molar mass, and u is the normal component 14 of the gases velocity along the control line, Θ (Fig. 1).

15

The k th species column density, ρ k , depends on the

16
gas thermodynamic state at location θ along the con-17 trol line:

18 ρ k (θ) = M k p kBNA LOS(θ) χ k (s, θ) T (s, θ) ds ( 3 
)
where p is the atmospheric pressure, kB is Boltzmann's constant, NA is Avogadro's number, and the spectral absorption coefficient κη is given by:

40 κη(s) = N S k=1 σ η,k χ k (s)p kBT (s) (5) 
where σ η,k is the absorption cross-section of the k th 41 species,

42 σ η,k = ij S k,ij [T (s)]f [η, ηij, T (s), p] (6) 
S k,ij is the species spectral line intensity for the tran- The ILS depends on the maximum OPD of the inter-

1 ferometer, xm 2 ILS(η) = 2xmsinc(2πxmη ′ ) (8) 
and xm is related to the spectral resolution ηres by The strong lines between 1150 and 1350 cm -1 cor-12 respond to hot water emission, whereas the shift be- Results are presented in Table 1 and the combustion efficiency is computed following Eq. 1 to obtain a CE of 96%. 

  deployed a commercial staring (line-scan) HS camera that generates 42 nearsimultaneous images, each integrated over uniformlyspaced wavelength bins between 2 and 5 µm. A pixel-wise CE is estimated based on the ratio of spectral intensity bins that are aligned with vibrationalrotational bands of the species-of-interest, and an overall flare CE is derived by averaging the CE for pixels that surround the combustion zone. This technology has been further refined and commercialized as the FlareGuardian™system [14]. While these cam-61 eras offer excellent temporal and spatial resolution, 62 their spectral resolution is insufficient to estimate 63 plume temperature or identify a particular HC, which 64 is important for petrochemical flares. 65 Imaging Fourier transform spectrometers (IFTSs) 66 provide much higher spectral resolution compared to 67 staring HS cameras, albeit at lower temporal resolu-68 tion. This high degree of spectral resolution makes 69 it possible to measure species concentration and tem-70 perature simultaneously, and, in some cases, finger-71 print particular HCs that may persist in the flare plume 72 [15, 16]. While the camera frame-rate is on the or-73 der of milliseconds, each datacube consists of thou-74 sands of images and typically takes several minutes 75 to assemble, so the datacube may be interpreted as a 76 temporally-averaged spectrum over the measurement 77 duration. 78 IFTSs covering the mid-wavelength infrared 79 (MWIR) and long-wavelength infrared (LWIR) have 80 been used to analyze exhaust gases from smokestacks 81 and jet engines [17, 18]. More recently, the MWIR-82 IFTS has been used to quantify flare CE, starting 83 with laboratory scale measurements [19, 20] and ul-84 timately extending to an enclosed combustor and a 85 downstream petrochemical flare [21]. While these 86 studies highlighted the potential of this instrument for 87 measuring flare emissions, two technical aspects may 88 impair accurate flow rate estimations. First, the large 89 dynamic range of the MWIR scene (dominated by 90 emission from hot CO2 in the combustion region) re-91 sulted in lens flare artifacts that contaminated weaker 92 emissions from the colder HCs in the plume. Second, 93 the MWIR is unlikely to detect cold gas emissions, 94 particularly unburned HCs that emit predominantly at 95 wavelengths outside of the detection region, causing 96 the CE to be overestimated ([21]). 97 This paper presents a preliminary assessment of 98 LWIR-IFTSs for characterizing flare CE, which may 99 be superior to MWIR-IFTSs in this application for 100 two reasons: (1) it can more easily detect gases near 101 ambient temperature; and (2) it may generate more 102 dynamically-balanced images due to the lower ab-103 sorption cross-section of CO2 in the LWIR com-104 pared to the MWIR. The results of measurements car-105 ried out using MWIR and LWIR IFTSs on flares at 106 petroleum refineries are compared qualitatively, and 107 the LWIR image is analyzed quantitatively to obtain a 108 flare CE.

109 2 .

 2 Flare combustion efficiency 110 Flare CE is the fraction of carbon attached to fuel 111 that is converted to CO2. In the case of remote sens-112 ing and fence-line monitoring, the flare fuel mass 113 flow rate may be inferred from a mass balance of all 114 carbon-containing species in the flare plume: 115 CE = ṁC,CO 2 ṁC,fuel ≈ ṁC,CO 2 ṁC,plume (1) Mass flow rates are obtained by integrating the mass 1 flux along a control surface normal to the image plane 2 that transects the plume, as shown in Fig.1. Mass 3 fluxes are the product of local column densities along 4 each pixel LOS and the corresponding projected ve-5 locity perpendicular to the control line. Column den-6 sities are inferred from a spectroscopic sub-model, as 7 detailed in Sec.3, while the 2D velocity field is ob-8 tained by rescaling the raw interferogram images and 9

  Fig.1).

Fig. 1 :

 1 Fig. 1: Schematic of how an IFTS is used to infer the species concentration and temperature distributions along each LOS.
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 3 LWIR IFTS measurement model 25 The mole fraction and temperature in Eq. 3 are 26 connected to the measured pixel intensity spectrum, 27 Iη,meas, through a measurement model consisting of 28 a spectroscopic model describing the intensity Iη that 29 enters the camera aperture (Fig.1) and an instrument 30 transfer function. 31 3.1. Spectroscopic model 32 The spectral intensity entering the camera aperture 33 at position L along the LOS (Fig.1) is defined by the 34 radiative transfer equation (RTE): 35 Iη = I η,bg exp -L 0 κη(s)ds • • • + L 0 κη(s)I η,b [T (s)] exp -L s κη(s ′ )ds ′ ds (4) where I η,bg is the background intensity spectrum, lo-36 cated at position s = 0 behind the plume (Fig.1), 37 s = L is location of the camera aperture, and I η,b is 38 the blackbody intensity. For NS participating species, 39

  43sition between the i th and the j th energy states and 44 f is the Lorentz line shape function. The absorp-45 tion cross-sections of individual species may be found 46 from spectral line databases like HITRAN [23].
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 32723 Fig. 2: Alignment of the detection spectrum of the LWIR and MWIR IFTS cameras with absorption features of the species-of-interest. Absorption cross-sections are normalized per species over each spectrum.

4 Measuring flares is challenging because of the 5 large variation in scene intensity, which also changes 6 due to plume turbulence as the interferogram is col- 7 lected. While dealing with the temperature range 8 comes down to technical aspects of the instrument, 9 the turbulent features of the plume require statistical 10 post

 45678910 -processing methods.

11 4.1. Dynamic range considerations 12 Figure 4 14 Figure 4

 11124144 Figure4shows example MWIR and LWIR images

41 4 . 2 . Scene change artifacts 42 Figure 6 Fig. 5 :

 424265 Figure 6 compares two interferograms: one from

Fig. 6 : 2 12 neous layer between the plume and the camera, of 13 thickness 14 Iη 2 pFigure 7

 6212131427 Fig. 6: Interferograms captured for pixels aiming at the plume center (a) and at the flare stack (b). The interferogram (broadband) image corresponds to the mirror position x at reference time t ref .
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 3 b)), highlighting the emission features of species 4 within the plume. Candidate species are selected 5 from the national pollutant release inventory for this 6 facility [26] and evaluated qualitatively. Based on 7 this analysis, pentane (C5H12) and propene (C3H6) 8 are likely present in the flare plume.

Figure 7 alsoFig. 7 :

 77 Fig. 7: Measured intensity spectra for an ambient and a plume pixel superposed with candidates species crosssection spectra.
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13 tween 22 [. 28 Figure 9

 1322289 Figure 9(a) shows an image at η = 908 cm -1 , cor-29

Figure 8 comparesFig. 8 :

 88 Fig. 8: Modeled intensity spectra for estimated species concentration and plume temperature (x M LE ) compared with a measured plume spectrum and an ambient spectrum. CO 2 spikes are recovered by the model, making CE quantification possible.

Fig. 9 :

 9 Fig. 9: (a) Spectral intensity image at η = 908 cm -1 and controline Θ. (b) Plume species concentration profiles are estimated by solving Eq. 13 at each position θ along the control line. Grey shades correspond to high-uncertainty regions. (c) Jointly inferred plume temperature and ambient temperature profile along the control line.

Fig. 10 :

 10 Fig. 10: Column densities and velocity profiles along the control line.

  are a promising means to quantify flare combustion efficiency. These instruments image the entire plume, thereby resolving heterogeneous distributions of combustion products and unburned fuels that would otherwise be missed by techniques that measure spectrallyresolved emissions along a single line-of-sight. Moreover, in contrast to other types of hyperspectral cameras, the high spectral resolution afforded by the IFTS may be used to fingerprint the species within the flare plume, which is particularly important for downstream flaring operations. To date, IFTS measurements of flares have been made almost exclusively over the MWIR spectrum, which contains strong absorption features of hydrocarbons, CO2, and CO with comparatively little H2O However, the limited dynamic range of the camera coupled with the large variation in emitted intensities (particularly CO2 in the combustion region vs. un-burned HC fuel downstream) makes accurate CE es-24 timation challenging with these cameras. 25 This study introduces the LWIR IFTS camera as 26 a potential tool for quantifying flare CE. A qualita-27 tive comparison of data collected using MWIR and 28 LWIR IFTSs highlights the capability of this instru-29 ment. This investigation is followed by an exem-30 plar quantification of CE from an LWIR datacube col-31 lected on a flare at a petrochemical refinery. Results 32 show that it is possible to identify and quantify HCs 33 as well as CO2 in the flare plume, leading to a CE 34 estimate. 35 There remains some work to refine this technique 36 into a reliable means to estimate flare CE. Uncer-37 tainty quantification of CE estimates is particularly 38 important. Preliminary work on uncertainty quantifi-39 cation of species mass flow rate has been conducted 40 through Bayesian inference [27]. More robust CE 41 estimates may be found by incorporating informa-42 tion from other combustion products, e.g., H2O into 43 the estimate via stoichiometry [28]. Emerging tech-44 niques based on machine learning and artificial intel-45 ligence also have enormous potential for accelerating

Table 1 :

 1 Carbon mass flow rates of the plume species.

	Species	Carbon mass flow rate (kg/h)
	CO 2	58.4
	C 5 H 12	2.3
	C 3 H 6	0.2
	6. Conclusions	
	Imaging Fourier transform spectrometers (IFTSs)
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