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Abstract

:

A novel system to monitor methane fugitive emissions was developed using passive optical sensors to attend to the natural gas production and transportation industry. The system is based on optical time domain reflectometry and direct optical absorption spectroscopy. The system was tested in a gas compressor station for four months. The system was capable to measure methane concentration at two points showing its correlation with meteorological data, specially wind velocity and local temperature. Methane concentrations varied from 2.5% to 15% in the first monitored point by sensor 1, and from 5% to 30%, in the second point with sensor 2. Both sensors exhibited a moderate negative correlation with wind velocity with a mean Pearson coefficient of −0.61, despite the external cap designed to avoid the influence of wind. Sensor 2 had a modification to its external package that reduced this mean correlation coefficient to −0.30, considered to be weak to negligible. Regarding temperature, a moderate mean correlation of −0.59 was verified for sensor 1 and zero mean correlation was found for sensor 2. Based on these results the system was proven to be robust for installation in gas transportation or processing facilities.
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1. Introduction


Optical fiber sensor technology has been used for many applications in the oil and gas industry [1]. Due to its linear structure, optical fiber is very interesting to monitor pipelines that provide the transportation of crude and refined petroleum, fuels, natural gas and biofuels. In addition, optical fibers sensors are passive and do not require a power supply, thus making them suitable to use in oil and gas infrastructures.



In natural gas production and the transportation industry, fugitive emissions represent a permanent concern. Emissions, mainly composed of methane, can contribute to the intensification of climate change, since the global warming potential of this gas is 21 times greater than carbon dioxide. Methane emissions also represent a reduction in plant energy efficiency and a risk of explosions that can lead to catastrophic events.



In addition, recent studies [2] have suggested that the tropical regions hold some unexpectedly high methane concentration and that the recent changes in the global methane burden are poorly understood. To address this research gap, efforts must be made to quantify methane emissions from oil and gas infrastructures in tropical regions.



Thus, the management of atmospheric emissions and the improvement of the operational safety of gas transport infrastructures constitute an important area of research and development.



Many optical fiber techniques have been reported to detect gases, including the development of micro and nano-engineered optical fibers, such as hollow-core fibers, suspended-core fibers, and tapered optical micro/nano fibers [3,4].



Among the possible technologies to be employed in optical gas detection systems, the use of long period grating (LPG) coated with special material have been proposed and tested. In [5], an LPG coated with atactic polystyrene was developed and tested in a railway environment to enable the detection of liquefied petroleum gas, specifically butane gas—the main component of liquefied petroleum gas. In [6], a long-period fiber grating is proposed as a methane sensor by the deposition of high refractive index polycarbonate/cryptophane A overlay. The sensor presented a sensitivity of ∼2.5 nm.%−1 and detection limit of 0.2%. Although the measurement of gas absorption with LPG technology depends on the interaction of a specific coating, and not from the direct optical interaction itself, this technology is interesting as it enables multiplexing and the use of different coatings that could permit the detection of many substances.



Other studies were carried out regarding the multiplexing capability of the gas sensor systems. In [7,8], the authors reported multiplexed multi-point gas detection where hundreds of sensors can be accessed using spatial or time division multiplexing techniques. This technique requires the use of optical delay lines and optical couplers, increasing the complexity of the optical network. One particular proposed system to monitor methane leakage with optical fiber technology is commercially available to industry [9]; however, this solution requires a pair of optical fibers at each monitoring point, which limits the number of sensors that can be deployed.



In this paper, a novel system to monitor and to detect methane fugitive emissions in gas facilities is presented. The operation principle is based in two techniques: optical time domain reflectometry (OTDR) and direct optical absorption spectroscopy. The first technique allows localization in terms of the distance of the sensor. The second technique enables the quantification and identification of the substance by varying the wavelength of the laser within the absorption band of the methane (around 1645.5 nm). The proposed system differs from other reported systems because it enables the remote detection and identification of fugitive emission of methane in multiple points by means of only one optical fiber and OTDR technique, which is subjected to an innovative optical frequency scanning process in the absorption region of the analyzed gas. Thus, multiple passive remote sensors can be analyzed using single interrogator equipment with a range of tens of kilometers. The capabilities of methane emission localization and spectral analysis in multiple sensors by a single remote interrogator equipment provides improvements on the control of methane fugitive emissions, increasing the energy efficiency and reducing the environmental impacts, and on the operational safety, avoiding the risk of explosions and catastrophic events.



The system was previously demonstrated in a laboratory [10] and in a real plant field-test [11,12]. In this paper, we present new results of the system in a real plant field-test with focus in the influence of environmental conditions. The results show good performance under the influence of environmental conditions such as wind and temperature. However, even if sensors were designed to reduce the impact of wind, for example, a residual effect on the environmental is still present. In this way, a correlation analysis between the concentration levels with the meteorological parameters is presented.




2. Proposed System


The proposed system is based in the optical time domain reflectometry technique and in direct optical absorption spectroscopy technology [10]. The first technique allows localization in terms of the distance of multiple sensors deployed along an optical fiber and the attenuation caused by the gas absorption. The second technology is used to quantify and identify the substance by varying the wavelength of the laser within the absorption band of the methane. The most commonly used bands for methane detection are ~3300 nm, ~2200 nm, ~1650 nm, and ~1300 nm. The relative intensities of some of these absorption bands are illustrated in Figure 1, obtained through HITRAN database [13], that allows access to spectral data for several substances.



The more intense absorption occurs in the 3300 nm band followed by the 2200 nm band. The third most intense band in this region is 1650 nm, as can be seen in Figure 1. In the proposed system, long distances may exist between sensors, then the best choice of the spectral region to be used is the band of 1650 nm. This spectral region has the better cost-benefit between absorption spectral line intensity and lower optical attenuation in the fiber. Above 1700 nm, optical fiber attenuation grows strongly and transmission distance is greatly reduced. Special fibers have been developed to transmit above 1700 nm, however the maximum reach and its cost, compared with standard optical fibers, are prohibitive.



The proposed remote fiber optic methane leak detection system is better understood referring to Figure 2. In this system, an interrogation unit sends light pulses through the optical fiber and detects the backscattered light. Along the optical fiber, optical sensors detect the absorption of light due to presence of the methane. The sensors are placed in points of interest, such as valves, flanges, etc. The system comprises an interrogation unit, the sensors and optical fiber cable which has to be deployed along the pipeline. The expected system response is shown in the top of the figure where the blue curve is the reference signal and the red curve corresponds to methane detection in the fourth sensor. The reference curve is a typical OTDR trace obtained when the laser (LD) is tuned to a wavelength outside the absorption band of methane, while the red curve differs from the reference due to additional loss due to methane absorption when the LD is tuned to the absorption line of the gas (fourth sensor in this example). The interrogation unit and sensors are discussed in more detail in the following sub-sections.



To better understand the work principle, we refer to laboratorial results of Figure 3. In Figure 3a it is shown the collected OTDR traces varying the wavelength of the LD from 1645.50 to 1645.60 nm (by changing the current of the thermoelectric cooler). At a distance of 4 km, a pure CH4 cell with optical path length of 5.5 cm and with 50 torr pressure is introduced. The obtained attenuation in the distance of 4 km is shown in Figure 3b. In this case of low-pressure pure methane, a double peak absorption spectrum appears in both the Hitran database [13] and in the experimental results. Also, the experimental data closely agrees with the expected attenuation obtained from the Hitran database proving that the proposed system properly works.



For the field trial, the wavelength is not scanned but tuned in and out of the absorption band of the methane. Taken in account that, for a mixture of methane and air, a spectral broadening occurs [2], the LD is tuned in the center of the absorption spectrum at 1645.55 nm to obtain attenuation due to the methane and the LD is tuned to 1645.70 nm that is out of the absorption of methane in order to obtain a reference value. The tuning is accomplished by changing the current of the thermoelectric cooler. In Figure 4 it is shown the absorption spectrum from the Hitran database for a mixture of 1% methane in N2 for an optical cell of 10 cm length. Also shown is the comparison of the spectrum of pure vapor water (multiplied by 100) in order to discard the influence of environmental humidity on the system.



As an example of real field result of the proposed system it is shown in Figure 5, the reference OTDR trace (blue curve) when the LD wavelength is tuned outside the absorption line of methane (1645.70 nm) and the measurement trace (red curve) when the LD is tuned inside the absorption line (1645.55 nm). In this figure, two sensors were placed at ~5 km and ~10 km of the interrogation unit. The sensors are measuring around 10% and 20% of methane concentration, respectively. The reference trace is so called as it measures a reference trace of attenuation versus distance outside the absorption line and thus without the influence of gas. This reference is used to calculate the methane absorption by compensating attenuation due to fiber itself.



2.1. Interrogation Unit


The interrogation unit is the core of the system. It can be better understood following the schematic box depicted in Figure 2. The interrogation unit uses a distributed feedback laser (LD) that is operated in continuous wave (CW) regime. The LD wavelength is tuned by properly driving a thermoelectric cooler (TEC). The thermistor temperature of the LD is linearly related to the wavelength and it is used to correctly establish the wavelength of emission. A commercial OTDR module is used to generate an optical pulse with typical pulse widths and repetition rates. The optical pulse, typically at 1550 nm, is deviated by an optical circulator and detected by a photodetector (PD). The optical pulse is used to modulate a semiconductor optical amplifier (SOA) by proper electronic circuitry. The SOA operates in the 1650 nm window and is fed by the CW light of the LD. The SOA not only modulates the LD light, but also amplifies the LD power and avoids the broadening of the laser linewidth.



Thus, a pulsed optical signal with reduced linewidth is sent through another optical circulator to an optical fiber (of a cable which follows a pipeline, for example) where several optical cells sensors are placed in series along the optical fiber. These sensors are common direct absorption fiber optical cells containing fiber optical collimators at input and output and a chamber where gas interact with the light.



The Rayleigh backscattering which comes from the optical link is deviated by the two optical circulators and detected by the same OTDR device resulting in an OTDR trace as depicted on the top of Figure 2 and Figure 5. For each sensor, an insertion loss (PI) is observed due to optical losses related to the beam expansion to the cell and collimation to the fiber core. When a methane leakage occurs near to the sensors, an additional loss (A) is observed when LD is properly tuned to one of the absorption lines of methane. This additional loss is related to the methane concentration in the optical cell sensor by the well-known Beer-Lambert law [14], the expression of which can be re-written as:


A = a L C,



(1)




where A is the additional loss, a is the absorption coefficient here expressed in dB/(ppm m), L is the optical cell length, and C is the gas concentration.



When the LD wavelength is scanned within few nanometers, the absorption spectrum can be obtained for each one of the sensors cells. Alternatively, the LD wavelength is tuned alternately to coincide with the absorption line of methane and outside the selected absorption line in order to obtain a reference trace.



The interrogation unit is shown in Figure 6. The external dimensions are 440 mm × 240 mm × 90 mm. The interrogation unit has ethernet connection as well as USB and SD ports, which can be used to transmit data, also recorded in a SD card. The interrogation unit is designed so that the monitoring software can be executed without the need of a dedicated external computer in automatic or manual mode, through remote access via an ethernet network. Access through an auxiliary computer is only necessary for the calibration and maintenance of the interrogator. The Colibri™ iMX6 SoC (System on Chip), developed by Toradex, was used as internal onboard computer. This system consists of a small size card with an NXP i.MX6 microcontroller, provided with Linux operating system. As built-in oscilloscope, the interrogation uses a commercial OTDR module (Anritsu MW9077A) which has the advantage of generating optical pulses of proper temporal width and with appropriate duty-cycle. In addition, the OTDR module is capable of translating backscattered light in OTDR traces with relative amplitudes expressed in dB and distances, in kilometers (km). The electrical and optical components of the interrogation unit can be seen in Figure 6.




2.2. Sensor Units


The principle of operation of optical sensors is the direct absorption of the light by a gas. Thus, sensors consist of a pair of optical collimators at input and output fibers and a chamber where gas interact with the light. The specific sensors developed for the system use small optical cells with length of 50 mm and 5 mm diameter as shown schematically in Figure 7a. In Figure 7b the actual compact optical cells are shown. Multiple optical cells are used together to increase sensitivity of the sensor (e.g., four optical cells are four times more sensitive than one), however a trade-off exists due to the fact that each optical cell has an intrinsic loss (PI) and the use of more optical cells in the sensor head will increase the final value of the overall intrinsic loss at spences of achieved distance range.



The sensors were developed in order to: (i) be easy to install, (ii) mitigate the action of the wind, (iii) let methane free to disperse in the atmosphere and (iv) be adaptable to a number of leak points (valves, vents, flanges, connectors, pumps, etc.). The sensors are divided in two main parts: the sensor head and an external package. The sensor head is composed of four small optical cells in two configurations shown in Figure 8a,b. The external package is used to protect the sensor head from the action of the wind, dust, temperature, as shown in Figure 8c,d for application in the vent valve and a small flange. We stress that with this conception it is easy to modify the sensor package to any possible application and dimensions, mainly if the external package would be re-designed.





3. Calibration and Uncertainty Analysis


Prior to the field installation, a calibration of the system was performed. The calibration data is shown in Figure 9 for the specific sensor head with total optical path length of 10 cm cell (4 compact cells). To measure the methane concentration, commercial equipment was used (Detecto Pak-Infrared DP-IR™ from Health Consultant, https://heathus.com/, Houston, USA).



According to the Beer Lambert Law re-written as in (1) the gas concentration is obtained from the Equation (2):


C=Aa L



(2)







The expression of error propagation of (2) is given by (3):


σC σAa L



(3)




where σA and σC are the errors (uncertainties) in the attenuation and in the concentration.



The attenuation error σA has two components: a component corresponding to the attenuation error deriving from the laser stability in the absorption line σL and another component corresponding to the determination of the attenuation gap in the OTDR trace by the linear adjustment method in the OTDR curve, σOTDR. Specifically, the first error comes from the residual displacement at the wavelength of the laser when it is tuned at the absorption peak. A small wavelength deviation results in slightly different absorption and therefore an error in determining the attenuation. On the other way the error of the gap determination (insertion loss) of attenuation is essentially due to noise factors in the OTDR trace.



The relation between the errors σA, σL and σOTDR can be written as (4):


σA=σL2+σOTDR2



(4)




where in our case the σOTDR and σL are 0.05 dB circa resulting in σA=0.07 dB.



From Figure 9 and (2) it can be seen that 1a L=8.71 and thus from (3) σC=0.6%. Thus when one reads 2% of methane in the proposed system this would be understood as 2.0 ± 0.6%.



For the present application and demonstration of equipment the above uncertainty is enough, as can be inferred from high concentrations detected in the field. We also note, as can be inferred from (3), that this uncertainty can be greatly reduced by increasing the cell length. Indeed, the value of σC reduces to 0.06% for a 1-m long cell. Also, a better laser stability and data acquisition of the OTDR traces would further reduce this uncertainty.




4. Installation of the System in Field


The test field place was selected from the plants of a Brazilian oil and gas transportation company (Transpetro). Initially some natural gas transportation pipelines were selected at a site near São Paulo. The state of São Paulo was chosen because of its important natural gas pipeline network, with a highly integrated transmission and distribution grid. In addition, the site selected would have sufficient infrastructure to install the system, including a constant supply of electric energy, proper refrigeration, and Ethernet access. Among these requirements, we add the fact that fugitive emissions of methane were reported to occur mostly in compressor stations and delivery stations accounting for 21.5% and 10.1% of total fugitive emissions of methane in the U.S, respectively [15]. Accordingly, the compressor station was selected due to all the above requirements in the city of Taubaté. For the pipeline site selected, a methane fugitive emission survey was made to identify leaks with a portable infrared detection device, DP-IR™. At the compressor station selected, two methane leak points were found: site 1 was a flange on a derivation of pressure instrumentation and site 2 was a vent valve. The field-test location is shown in Figure 10a with the sensor sites, and the interrogation unit site is also indicated in this figure. Site 1 is one flange on a derivation of pressure instrumentation, site 2 is one vent valve and site 3 is the shelter of the compressor station where the interrogation unit was installed. In Figure 10b it is also shown the distance from compressor station to the weather station of approximately 8 km.



In Figure 11 we show sites 1 and 2 of the compressor station chosen as points to be monitored. In Figure 11a it is shown the flange on a derivation of pressure instrumentation. At the left of the Figure 11a is shown the flange without sensor and at the right of Figure 11a is shown the sensor already installed. The procedure of installation was very quick, taking only few seconds as can be seen in Video V1. The external package was just placed in position and a bottom cap was used to fix this external package. The sensor head was then placed on top of the external package and finally it was applied a roof to protect from wind. In this way the whole flange was involved with the sensor, so methane can flow to the atmosphere through the openings of sensor head. In this path, methane enters the small inlet holes of the optical cells. As mentioned before, in principle this proposed sensor can be used in a variety of places of interest employing the same sensor head and changing the external package form and dimensions. In fact, the same package and sensor head shown in Figure 8a could be used in the second monitored point in this field test, a vent valve shown in Figure 11b-left. In this case, the package and sensor should be placed horizontally. However, we opted to design a new sensor head and external package as shown in Figure 8b to prove the easy adaptability of this sensor concept. In this situation, the sensor was placed vertically involving all the lower vent valve of interest. The sensor head has a U-design that enables it to be placed just above the point to be monitored. The procedure of installation is very similar to the previous example. First, the external packaging was fixed around the lower valve of the vent and the sensor head was placed on top of it. After that, a cap and roof placement complete the installation steps. Figure 11b-left shows the sensor completely installed in the lower vent valve of interest. The sensors are also easy to remove for operation or maintenance.



Again, we remember that sensors conceived with the separation of the optical sensor head and external package can be used and adapted to any kind of suspect point of fugitive emission, such as valves, flanges, connectors, and pumps among others. In a practical application in a compressor station many points can be monitored with sensors of this type. Actually, compressor stations at different geographic locations can be monitored by the proposed system, provided that there are optical fiber cables deployed in those places.



The interrogation unit was installed in the shelter of the compressor station at site 3 of Figure 10a in a distance of approximately 100 meters from the sensors. In order to simulate the long-distance application, such as pipelines, the interrogation unit’s rack had three optical fibers spools of 5 km protected by plastic boxes. In the Video V2 it is shown the screen of the system with OTDR traces of reference and measurement as well as the concentrations measured by sensors 1 and 2.



In-Field Comparison of the System with Commercial Equipament


In a previous visit to the compression station, a comparison of the system with the commercial equipment (DP-IR) was performed in the field. A compact version of the sensor was used in that occasion in the vent valve. This compact version of the sensor was composed of just one optical cell without the present package, as can be seen in Figure 12a. The commercial gas inlet was placed just above the sensor in order to capture almost the same methane amount as the optical sensor. The results are shown in Figure 12b. As can be seen a good agreement is observed between the two systems which translates in confidence of the proposed system.





5. Results and Discussion


The data that was gathered from April 4, 2017 to July 15, 2017 are shown in Figure 13 and compared with meteorological data obtained from a weather station of the Brazilian National Institute of Meteorology (INMET) nearest the Taubaté compressor station. The data of the meteorological parameters of the station were obtained from the website of the Brazilian National Meteorological Institute [16]. From the various meteorological data available, namely: temperature, humidity, dew point, pressure, wind velocity, radiation and rainfall, only temperature, wind speed and humidity are shown in Figure 13. The first two showed greater influence on the value of the measured concentrations.



During this analyzed period, it was observed that the system stopped the data collection after a period of 15 to 20 days, accusing an error of lack of space in the flash memory of the device (memory of the shipped computer). Some attempts to find out the cause of this interruption have been made, but it is still unclear what is causing the error. During the laboratorial tests this problem was not detected because the system did not operate for so long uninterrupted. For a correction of this bias, local monitoring is necessary at the moment the error occurs, which was impracticable during the field test. It was decided to leave the system working in this way with periodic restarts during data collection. In this way, five sets of data were acquired during this period as shown in Figure 13. The five sets of data refer to the periods:




	
1st data set: from April 4 to April 20, 2017;



	
2nd data set: from April 24 to May 11, 2017;



	
3rd data set: from May 15 to June 1, 2017;



	
4th data set: from June 6 to June 24, 2017, and



	
5th data set: from June 27 to July 17, 2017.








Still analyzing Figure 13, we observed, from the results, that the system detected the presence of methane in the two installed sensors. Sensor 1 recorded concentrations between 2.5% and 15%, and sensor 2 recorded concentrations of 5% to 30% It can be noted that during the period analyzed the variation in these recorded concentrations showed a periodic behavior (notably in sensor 1) some correlation with the variation of ambient temperature and with the action of the wind. To better determine this influence with the meteorological parameters it was verified that it is necessary to use moving averages in the collected data. If we consider the first set from April 4, 2017 until April 20, 2017, we noticed that by varying the number of means it is possible to observe a correlation between the wind velocity, for example, and the methane concentration measured by the sensors. In Figure 14a we presented the untreated concentration data and in Figure 14b–d the number of moving averages applied were 10, 20 and 40 respectively.



In Figure 14 we observed that as the number of moving averages increases, it becomes more visible that the value of the methane concentration increases with the lower incidence of wind velocity on the sensor and vice versa. This result was already expected, since the use of the wind bar element in the sensors does not completely prevent the wind from acting on the sensor.



The reason why this correlation is evident is due to the acquisition time of the methane monitoring system. In fact, the system collects a concentration value approximately every 1.5 min. Weather data is available every hour. The mean of 40 concentration values corresponds to the average value of 1 hour (40 × 1.5 minutes) of measurement and this is why Figure 14d has a clearer correlation than the others.



A more detailed analysis of the correlation with the meteorological data was carried out, we focused on the correlation with the wind velocity and with the ambient temperature, which showed more dependence with the registered concentration values. It was necessary to treat the concentration data, to apply smoothing algorithms of moving averages and to equalize the temporal data, so that a concentration value coincides in time with the corresponding value of the meteorological parameter. This treatment must be performed in order to calculate the correlation between the variables (concentration versus wind speed and concentration versus temperature).



It is possible to observe in Figure 14 that there is a negative correlation for sensor 1 with respect to the wind, that is, the increase of wind speed reduces the concentration of methane gas in the sensors, as expected. However, it is not possible to quantify this correlation using these graphs, but they provide an important visual aid. The same negative correlation pattern repeats to the other sensor and with temperature.



In order to quantify the correlation of the above climatic data, we make use of the Pearson correlation [17,18]. Pearson’s correlation coefficient measures the degree of correlation (and whether it is positive or negative) between two variables. This coefficient, represented here by r, assumes only values between −1 and 1. In the case where r = 1 there is a perfect positive correlation between the two variables, since when r = −1 there is a perfect negative correlation between the two variables, that is, if one increases the other always decreases. The case where r = 0 means that the two variables do not depend linearly on each other (see Figure 15). However, there may be a nonlinear dependency. Thus, the result r = 0 must be investigated by other means. Intermediate values reflect the degree of correlation between the variables under analysis, which can be further classified according to [17,18]. Here we adopt the classification given by [17]:




	
0.9–1: positive or negative indicates a very strong correlation.



	
0.7–0.9: positive or negative indicates a strong correlation.



	
0.5–0.7: positive or negative indicates a moderate correlation.



	
0.3–0.5: positive or negative indicates a weak correlation.



	
0–0.3: positive or negative indicates a negligible correlation.








Some of the plots of the linear regression employed are shown in Figure 16, Figure 17 and Figure 18. In Figure 16, we show the case of the correlation between the concentration measured by sensors 1 and 2 and the wind velocity obtained from the climatic station for the 3rd set of data from May 15 to June 1, 2017. The obtained correlation is moderate for both sensors. This indicates that even with the use of the external package to protect the sensor head from the action of the wind influence of this environmental effect is still present.



Another interesting example obtained from this correlation analysis is shown in Figure 17. In this figure, linear regression for sensor 2 concentration as a function of wind velocity is shown for the 3rd data set (from May 15 to June 1), Figure 17a and for the 4th data set (from June 6 to June 24), Figure 17b. As can be seen the Pearson coefficient increased from −0.55 to −0.29, that is, changing from moderate to negligible negative correlation. This indeed results from a modification introduced in sensor 2 to reduce wind action, as shown in Figure 17c.



As yet another example of the correlation analysis we show in Figure 18 the example of the 4th data set from June 6th to June 24th, 2017. In this case, correlations of sensors 1 and 2 with temperature are show. In Figure 18a it is shown that sensor 1 presents moderate negative correlation while in Figure 18b it is shown that sensor 2 presents negligible correlation with this meteorological data.



We applied the correlation analysis to all five sets of data of Figure 13. It is possible to observe that all the correlations obtained are negative except in cases where the correlation is very close to zero, that is, in cases in which there is no linear correlation between the concentration of the sensors and the temperature. We also note that, for this case, sensor 2 has a negligible correlation with temperature and in most cases the value is very close to zero. On the other hand, sensor 1 presented negligible correlation with temperature only for the 1st set of data, in the others the correlation was moderate and negative. One hypothesis for this behavior is that sensor 1 (which is on the flange in the pressure instrumentation shunt) is more protected from the action of the wind, whereas the sensor 2 (located in the vent) is exposed to the wind action and therefore presents greater heat exchange with the environment without local heating. This hypothesis could be proven if temperature sensors were installed in place on each sensor, i.e., the comparison should be made with localized temperature measurements. It is believed that the reason for varying the concentration measured due to temperature comes from the gas equation, PV = n RT, in this case P is practically constant, varying throughout the period of 0.021 atmospheres (corresponding to 2.2% of the mean of recorded pressures) and V is the volume of the compact optical cells. The only variables would be n and T and, therefore, an increase in temperature, corresponds to a decrease in number of molecules (mols), n, in the optical cell, and consequently a decrease in concentration, that is negative correlation.



Another environmental data analyzed was the humidity. Humidity has strong correlation with the temperature, as can be observed in the Figure 19. In Figure 19a temporal evolution of both meteorological parameters is presented, while in Figure 19b the Pearson correlation parameter is calculated for the time period shown. We believe that the high temperature causes the low humidity. In fact, in the spectral region from 1645.3 to 1645.8 nm there is no significant absorption of the H2O (Figure 4) and thus it’s not detected by the proposed system. This ultimately indicate that variations of sensor 1 and sensor 2 comes from temperature and not from the humidity itself.



A summary of the performed correlation analysis is shown in Table 1. The values in blue, orange and in red are the moderate, weak and negligible correlations, respectively. We note that both sensors present negative and moderate correlation due to the wind action, except the sensor 2 in the 4th and 5th data sets that corresponds to the change made in sensor 2 to reduce the wind action, showing that the small change made was effective for this end. Regarding temperature, except for the first set of data, sensor 1 presents negative and moderate correlation with temperature. It is believed that this influence comes from the gas equation, as explained above. Basically, an increase in the local temperature decreases the number of molecules inside the compact cell by expanding the gas, reducing the concentration. Sensor 2 has no correlation with temperature, probably because it is more exposed to wind cooling. All these hypotheses would be better tested if we had temperature and wind speed sensors in the exact position of each sensor. In terms of mean values, considering the influence of the wind velocity, sensor 1 shown a mean negative moderate correlation coefficient of −0.61, while sensor 2 had the same mean value for the period from April 4th to June 1st but a drop to −0.30 after this period. Value of correlation considered to be weak to negligible. Regarding the temperature influence sensor 1 presented a mean correlation value of −0.57 (moderate negative correlation) and sensor 2 a mean correlation value of zero, that is a negligible correlation.



Rainfall Influence


Based on local meteorological data, it was also possible to observe the influence of rainfall on methane concentration measurements by field sensors. For this, the period of greatest precipitation was analyzed. The highest rainfall incidence occurred, according to data from the weather station, on May 21, 2017 at 10:00 p.m., as can be seen in the graph of Figure 20. By making an expansion of this period we noticed little influence of precipitation on the recorded methane concentration values, as we can see in Figure 20. However, it can be noted that in period 1, indicated in Figure 20, (May 19, from 2 a.m. to 6 p.m.) there is a drop of the methane concentration during the rainfall for both sensors. This drop occurs less sharply on day 21 at about 10:00 p.m. But in general, the system resisted the rainfall effect.



In one day of periodical technical inspection of the installed system, the team witnessed the presence of rain on the sensor elements and no alteration was observed in them, even in sensor 2 which has a larger opening and a smaller protective "roof", as we can see in Figure 21. In other words, all sensors were dry and operational.



Finally, we note that, although a long term and durability analysis of the system could not be delivered in this field demonstration due to the limited time of operation available for the field test, we can say that system proved to be robust. First, because the interrogation unit is made of standard telecom devices (lasers, semiconductor optical amplifiers (SOA) and optical time domain reflectometer (OTDR) modules) that are widespread and consolidated in telecom systems where high standards are required for its use. Secondly, even though the passive sensors and their collimation cells would represent the most fragile part of the system, the packaging and present data show no degradation in performance during the time the system operated in the field. The dust and residues that would be introduced to the collimation cell would be the more aggressive issue. However, three points are favorable to the proposed system:




	(1)

	
The system uses a reference trace acquisition in order to avoid the influence of the attenuation introduced in the system.




	(2)

	
The packaging can be improved to avoid such deterioration introducing a protective layer or a labyrinth-like structure that let the gas in at the same time that it avoids the water drops and dust, for example.




	(3)

	
A quick replacement of the sensor head would be possible in the severe case when the sensor stopped working.











6. Conclusions


In this paper we presented an evaluation of the environmental influences on a novel semi-distributed optical fiber methane leak monitoring system that was developed using passive optical sensors to attend to natural gas production and the transportation industry. The system is based oin optical time domain reflectometry and direct optical absorption spectroscopy. The passive sensors were designed in order to: (i) be easy to install, (ii) mitigate the action of the wind, (iii) let methane free to disperse in the atmosphere and (iv) be adaptable to a number of leak points (valves, vents, flanges, connectors, pumps, etc.). Field tests were carried out in a gas compressor station at Taubaté in the state of São Paulo in Brazil over four months. The system was capable to measure methane concentration at two points showing its correlation with meteorological data, especially wind velocity and local temperature. Recorded methane concentrations in this period varied from 2.5% to 15% in the first monitored point by sensor 1, and from 5% to 30%, in the second point with sensor 2. Both sensors exhibited a moderate negative correlation with wind velocity with mean Pearson coefficient of −0.61, despite the external cap designed to avoid the influence of wind. Sensor 2 had a modification in its external package introduced to further reduce the influence of wind. After this modification, the mean correlation coefficient dropped to −0.30, considered to be weak to negligible. Regarding temperature, a moderate mean correlation of −0.59 was verified for sensor 1 and zero mean correlation was found for sensor 2. The rainfall showed little influence in the measurements, even if a drop could be seen in the measured values. Based on these results the system was proven to be robust for installation in gas transportation or processing facilities; however, the influence of local meteorological phenomena still plays a significant role in the measured values, even with the localized sensor’s external protective package designed to mitigate the action of the wind while allowing methane to disperse freely in the atmosphere.
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Figure 1. Methane absorption bands (hypothetical 5 cm cell with pure methane at 50 torr) compared with optical fiber attenuation expressed in dB/km. Best absorption band for fiber optical application indicated. 
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Figure 2. Proposed system for monitoring multiple points by a single optical fiber. System comprises an interrogation unit, the optical cable and the sensors. On top of the figure typical OTDR traces when the Laser Diode (LD) is tuned outside (blue curve) and inside (red curve) the absorption line of methane. 
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Figure 3. Laboratorial results for a setup with a pure methane cell with optical path length of 5.5 cm and 50 torr pressure is placed after 4 km from the interrogation unit. (a) collected OTDR traces varying the wavelength from 1645.50 to 1645.60 nm, (b) the obtained attenuation in the distance of 4 km. 
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Figure 4. Absorption spectrum of 1% methane and pure water vapor (multiplied by 100) for a 10 cm optical path length. LD in and LD out of the methane absorption band also show. 
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Figure 5. Example of real field results based in the proposed system. Reference OTDR trace (blue curve) and measurement trace (red curve) corresponds to the case of LD wavelength tuned outside and inside the absorption line of methane, respectively. Sensors are placed at ~5 km and ~10 km of the interrogation unit. LD inside absorption line (1645.55 nm), LD outside absorption line (1645.70 nm). 
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Figure 6. Interrogation unit: top view of electrical and optical components. 
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Figure 7. Sensor elements. (a) Schematic of the compact optical gas cell. (b) View of the actual compact optical gas cell used in the prototypes, 50 mm long and 5 mm diameter. 
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Figure 8. Developed sensor units. (a) sensor head for flange application, (b) sensor head for vent valve application, (c) sensor head with external package for flange application, (d) sensor head with external package for vent valve application. 
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Figure 9. Calibration curve of the proposed system using commercial equipment DP-IR from Health-Consultant. 
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Figure 10. Installation of the remote fiber optic methane leak detection system and distance from a weather station: (a) view of the compressor station with indicated points of installation, (b) distance from compressor station to weather station of ~8 km (Google Maps 2019). 
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Figure 11. Sensor units installed in the two points of interest. (a) Flange on a derivation of pressure instrumentation (sensor 1) and (b) vent valve (sensor 2). 
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Figure 12. In-field comparison of the proposed system with a commercial equipment model DP-IR from Health Consultant. (a) view of the performed test with gas inlet of commercial equipment just above the used compact sensor, (b) test showing good agreement between the two systems. 
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Figure 13. Comparison between methane concentration for sensors S1 and S2 and meteorological data. 
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Figure 14. Increase of moving averages for observation of correlation between concentration data and climatic data. (a) untreated concentration data, (b) 10 moving averages applied to sensor 1 data, (c) 20 moving averages and (d) 40 moving averages. 
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Figure 15. Examples of dispersion diagrams with different values of r (correlation coefficient) [19]. 
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Figure 16. Correlation between the concentration measured by sensors 1 and 2 and the wind velocity obtained from the climatic station for the 3rd set of data from May 15 to June 1, 2017. (a) Sensor 1, (b) sensor 2. 
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Figure 17. Correlation between the concentration measured by sensor 2 and the wind velocity obtained from the climatic station. (a) 3rd data set from May 15 to June 1, 2017, (b) 4th data set from June 6 to June 24, (c) modification introduced in sensor 2 to reduce wind action. 
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Figure 18. Correlation between the concentration measured by sensors 1 and 2 and the temperature: (a) sensor 1 (moderate correlation) and (b) sensor 2 (negligible correlation). 
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Figure 19. Correlation of temperature and humidity. (a) temporal evolution of both meteorological parameters, (b) Pearson correlation parameter. 






Figure 19. Correlation of temperature and humidity. (a) temporal evolution of both meteorological parameters, (b) Pearson correlation parameter.



[image: Remotesensing 11 01249 g019]







[image: Remotesensing 11 01249 g020 550]





Figure 20. Comparison between the measured concentration by the sensors and the rainfall pluviometry expressed in mm. 
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Figure 21. Vision of the sensors in presence of rain: (a) sensor 1, (b) sensor 2, (c) sensor 2 open for verification. 
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Table 1. Summary of correlation analysis.
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Period

	
Correlation




	
Wind

	
Temperature

	
Humidity and Temperature




	
Sensor 1

	
Sensor 2

	
Sensor 1

	
Sensor 2






	
1st data set—April 4 to 20

	
−0.65

	
−0.70

	
−0.29

	
0.03

	
−0.81




	
2nd data set—April 24 to May 11

	
−0.56

	
−0.58

	
−0.66

	
−0.28

	
−0.91




	
3rd data set—May 15 to June 1

	
−0.60

	
−0.55

	
−0.62

	
0.06

	
−0.87




	
4th data set—June 6 to June 24

	
−0.63

	
−0.291

	
−0.64

	
−0.01

	
−0.83




	
5th data set—June 27 to July 17

	
−0.61

	
−0.321

	
−0.63

	
0.10

	
−0.92








1 Modification on sensor 2 to reduce wind action.
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