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Abstract

:

Hydrogen sulfide (H2S) generated in sewer networks induces corrosion which today constitutes the main cause of deterioration of concrete pipes. Information regarding the H2S concentration inside sewer networks, as well as its control and reduction, has become one of the most important concerns in sanitation systems management nowadays. Modeling sulfide dynamics is the key to understanding corrosion processes. A dynamic model (called EMU-SANETSUL) was developed to calculate the H2S concentration in both the water and the gas phases of the main sewers of the city of Murcia (Spain). The model was calibrated with data from field measurements taken from both the gas phase and wastewater. Samples were taken in the network from 2016 to 2019. The model achieved an accuracy index and error index in the ranges of 57% and 15%, respectively. Empirical equations of reaction are used, and calibration parameters are detailed. The code uses an explicit discretization technique, named the Discrete Volume Element Method (DVEM). A map with the annual average concentration of H2S at the gas phase inside each pipe of the simulated network is presented. Values are compared with the mechanical deterioration inventory from closed-circuit television (CCTV) inspections performed by the Municipal Sanitation Company of the city of Murcia (EMUASA). Mechanical deterioration of pipes has diverse causes, including corrosion of pipes by H2S. Sections with high H2S concentrations that match with mechanical wear can be considered susceptible to being prioritized when rehabilitation works are being planned. Therefore, H2S concentration modeling provides valuable information for asset management of the sewer network.
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1. Introduction


Hydrogen sulfide, H2S, is a gas generated in wastewater due to the reduction of sulfate to sulfide, as a result of the sulfate reducing bacteria (SRB) in anaerobic sewer biofilms. In the sulfate reduction process sulfides are formed, consisting of H2S, HS−, and S2−, where the distribution between these sulfide species depends on the pH [1,2]. Hydrogen sulfide has a low solubility in water, and turbulence causes it to be released into the gas phase of the pipes at concentrations that may be harmful to people working in the sewage systems. In addition, this gas causes significant complaints of bad odors when it reaches street level. Another important problem is due to the formation of sulfuric acid, which favors the degradation of concrete pipes by neutralizing the alkalinity of the concrete and by the formation of expansive salts with no binding properties, which can cause internal cracking at the concrete interface. Moreover, iron corrosion occurs in reinforced concrete pipes. Figure 1 shows a pipe suffering from this degradation phenomenon in the city of Murcia. Once anaerobic conditions (<0.1 mg/L of dissolved oxygen) are reached inside the pipe, some of the main factors influencing the formation of sulfides in wastewater as it passes through the sewer networks are the following: (1) organic load transported by the water in dry weather, BOD5; (2) wastewater temperature; (3) hydraulic retention time (HRT); and (4) hydraulic conditions of flow, such as velocity, wetted perimeter, or percentage of filling of the pipe [3,4,5].



Hydrogen sulfide generated in the sewer networks induces corrosion, which is the main cause of deterioration of concrete pipes today [1,6,7]. The costs associated with the replacement of corroded pipes and the application of corrosion inhibitors amount to billions of dollars annually [6]. In March 2000, the annual total cost attributed to corrosion in sewer systems of the United States was estimated to be $13.75 billion [6,8]. The water and sanitation administrations and utilities are aware and concerned about the deterioration of these assets and are committed to intensifying inspections in the sanitation networks and in establishing prioritization in the renewal of pipes based on their state of corrosion and mechanical deterioration [9,10,11,12]. Techniques to protect pipes through inner coatings of the in-sewers are particularly important [13]. In the case of the Municipal Sanitation Utility of Murcia (EMUASA), maps are prepared based on CCTV inspections of the pipes where mechanical deterioration is observed. Such information is used in the process of prioritizing pipeline renewal (Figure 2).



Mechanical deterioration refers to the loss of wall thickness, due to biochemical corrosion, to any crack that could be due to external traffic load or any other cause of deterioration that could be observed thorough visual inspection.



Thus, knowing the concentration of H2S inside sewerage networks, as well as its control and reduction, has become one of the main concerns in sewerage system management nowadays [14]. Online and continuous monitoring of H2S concentrations in sewers has been demonstrated as a useful technique in understanding and slowing the deterioration of concrete pipes [15,16,17]. The dosing of chemicals into the sewerage network to reduce the H2S concentration is a common practice, especially during the summer periods and in coastal areas. Continuous monitoring has shown the possibility of optimizing and reducing the chemicals used in sewers [18].



Modeling sulfide dynamics over time in the water and air phases in sewer networks is of great importance to understand corrosion processes. Deterministic simulation models are used in order to predict H2S concentrations, dissolved and in the gas phase inside the pipe. Such models can be based on the mass balance equations considering kinetics and stoichiometric of the processes, and require knowledge of a high number of parameters, such as the WATS model (2013, HV-Consult ApS, Aalborg, Denmark) [3,19,20]. However, empirical models, with a lower number of parameters, also propose a balance based on various factors, such as the organic load and the hydraulic conditions of flow, reaching, in some cases, a sufficient approximation to values measured in the field [21,22,23,24,25,26,27,28,29]. Three principal processes occur in the sewers and must be simulated: (1) sulfide generated in the biofilm in the contact area between the wastewater and the concrete pipe; (2) emission to the sewer gas phase inside the pipe; and (3) absorption of hydrogen sulfide through the concrete pipe.



Regarding empirical models, Pomeroy and Parkhurst [22] presented an empirical equation for sulfide generation based on biochemical oxygen demand at five days. Boon and Lister [23] proposed a similar generation equation based on the chemical organic demand (COD). Elmaleh et al. [24] showed the production of sulfide in the pipeline from an installation of 61 km in length that transported recycled urban water by gravity and in full section. Yongsiri et al. [25,26] proposed a model of H2S emissions in gravity pipelines considering two phases (liquid and air) with generation and emission. Lahav et al. [27] proposed an approximation of H2S emissions through a first order kinetic equation based on laboratory tests, using flocculation equipment to provide different degrees of turbulence to the experiments. Other authors such as [28,29] considered an extension of the WATS model, proposing different equations for each of the processes that generate the sulfur cycle in a sanitation system. Nielsen et al. [30] presented a hydraulic model that analyzes the generation and emission from equations previously developed by [22] and [3] to study the influence of chemical dosing. Recently, studies of H2S gas modeling with WATS have been presented by Vollertsen et al., 2015 [31], for a large area of the city of San Francisco. Matias et al. [32] modeled the Ericeira sewer system in Portugal, using WATS and AEROSEPT models, and adequately predicted the overall behavior of the system. Nowadays, several commercial software packages are available for modeling sulfide concentrations [19,33,34].



Several researchers have studied the influence of sulfide corrosion on the life-cycle of the pipes [35]. For instance, Teplý et al. [36] proposed an approach to calculate a service-life prognosis that considers the influence of microbiologically induced corrosion (MIC) on bearing capacity. When corrosion is sufficiently advanced, it leads to diminished service life or structural failures. Zamanian et al. [37] used computational numerical models to study the effects of a number of key modeling and construction factors on the leakage susceptibility of buried concrete sewer pipes. These factors included the loss of pipe wall due to the corrosion process as a function of time. The sensitivity analysis carried out by Mahmoodian and Li [38] showed that the supplied concentration of sulfide and the relative depth of the fluid have significant effects on the service life of concrete sewer pipes. Ahammed and Melchers [39] proposed a corrosion model to calculate the loss of pipe wall thickness with time. They used 20 independent random variables that included the geometric characteristics of pipes (including the radius and the wall thickness, among others), mechanical and load characteristics (such as the modulus of elasticity Poisson’s ratio and traffic loads), ditch construction characteristics (external soil and width, etc.), and temperature differential among others. Once the concentration of hydrogen sulfide in a sewer network can be predicted and the loss of wall thickness through corrosion can be calculated, this will lead to being able to establish the level of service of the pipes and this would make it possible to plan the renewal and management of assets in a more sustainable way.



In the present work, a dynamic model (called EMU-SANETSUL) was developed to calculate the H2S concentration in both the water and air phases of the main sewers of the city of Murcia. This wastewater network mainly contains domestic and commercial sanitary sewage. The model is calibrated with data from field measurements. One-dimensional time-variation hydraulic variables and H2S reactions are solved using an explicit discretization technique called the Discrete Volume Element Method (DVEM) [40,41,42]. That scheme is based on a mass-balance relation within pipes that considers both advective transport as well as reaction kinetics of sulfides in the water and air phases. The reaction uses empirical equations included in [21]. For this purpose, we start from an existing calibrated hydraulic model of the Municipal Water and Sanitation Company of Murcia (EMUASA) [43,44]. From the simulated H2S concentrations in the gas phase inside the pipe of the main sewer network of the city of Murcia, this study provides a map showing the sections with higher sulfide concentrations. This information, together with the mechanical wear inventory, provides valuable information for the asset management of sewers, helping in the planning and prioritization of pipe renovation and rehabilitation. The objective of the present work is to provide information on the H2S concentration in the air phase of the sewers. This information may serve to predict the pipes with high risk of corrosion and it will help in decision-making in asset management as one more variable.




2. Materials and Methods


2.1. Hydraulic Model of Reference


Murcia is a city in southeastern Spain whose municipality has a population of 453,258 inhabitants. It is situated in a valley at the confluence of the Guadalentín and Segura rivers. The sewer system is combined and incorporates storm water. Due to the nearly no-slope topographic conditions, there are several sewer pump stations. Sewers flow into the “Murcia Este” Wastewater Treatment Plant (WWTP) with a maximum capacity during dry weather of Qmaxdw = 10,000 m3/h. Along the network, there are 57 control points consisting of a water gauge to continuously monitor the water level with Endress + Hauser FMR50 ultrasonic sensors. Data are sent continuously and plotted through a SCADA system at five-minute intervals. The Storm Water Management Model SWMM (2020, Environmental Protection Agency EPA, Durham, NC, USA) is a numerical model that enables the hydrological and hydraulic behavior of an urban drainage system to be simulated. A previously calibrated SWMM hydraulic model of the city of Murcia is available [43,45]. The model includes the main sewers of the whole sewer network. It serves to study the transport of dry-weather wastewater flows throughout the day to the WWTP (Figure 3). The main characteristics of the model are shown in Table 1. The total length of the network included in the model is around 234.5 km. The comparison of the measured and simulated flow depth is shown in Supplementary Materials, Figure S1. The whole system considered in the present work is made of concrete pipes.




2.2. Experimental Field Campaign in the City of Murcia


During the periods of September to November 2016, June to July 2018, and February to April 2019, a field campaign was carried out at various mains of the network of the city of Murcia (Spain) that were the responsibility of EMUASA. It consisted in the installation of two continuous H2S meters to measure the gas phase sulfide concentration with an Odalog detector (LL-H2S-0-1000, App-Tek International Pty Ltd, Brendale, Australia) with a measurement range of 0–1000 ppm and a resolution of 1 ppm. These units have a battery life of more than 20 days and have a data logger inside which, depending on the frequency of measurements, can also be used for several days. In the present study, a measurement was recorded every five minutes. Samples of wastewater were taken in the closest manholes to the measurement area, with the total acid-soluble sulfide being quantified using the methylene blue methodology. The sulfides react with dimethyl-p-phenylenediamine in the presence of ferric chloride to produce methylene blue. CHEMetrics® colorimetric kits (sulfides, CHEMetrics Inc., Midland, VA, USA) were used for that purpose (USEPA, 1998). To minimize stripping during the sampling, a two-liter bucket was filled with a peristaltic pump whose intake was located at the bottom of the manhole. To avoid any issue with conservation, the samples were analyzed immediately after being taken. The CHEMetrics® sulfide test kits were used in the field campaigns. These kits consist of self-filling ampoules for visual colorimetric analysis. The ampoules contain an activator solution based on stable reagents vacuum-sealed. Once the tip gets broken inside a sample cup of 25 mL, part of the raw water, enters the ampoule and reacts with the reagent to form a color reaction. The results are compared with a color pattern to obtain quick quantitative test results. Sampling of wastewater entering from outer nodes to the main system gave rise to H2S values in the range of 0.1 mg/L which were adopted for the incoming flow.



Prior to the experimental campaign, information was collected at several points of the main sewer network by EMUASA: temperature in the wastewater, and the five-day biochemical oxygen demand curve (BOD5) in the wastewater transported in the network throughout the day. Figure 4 shows the daily curves for these variables that were to be later used for the wastewater that is transported through the network when applying the dynamical model. Temperature daily curves change depending on the season of the year. From the field measurements, three temperature curves were then used in the present work: February, July, and September–October curves, while only one BOD5 daily curve is used, as presented in Figure 5. In addition to daily BOD5 sampling and analysis campaigns, a multiparametric probe (HI-9828, Hanna Instruments Inc., Woonsocket, RI, USA) was also placed in the measurement area. This probe characterizes various physical–chemical and electrical properties of the wastewater, such as dissolved oxygen in the wastewater, oxidation-reduction potential (ORP), electrical conductivity (EC), temperature (T), degree of acidity or basicity (pH), and total dissolved solids (TDS) at both points. In the present work, the probe was principally used to generate the temperature curves. A dissolved oxygen measurement below 0.5 mg/L is an indicator that anaerobic conditions are beginning to govern reactions within the wastewater. In general, the measured values were below 0.1 mg/L.




2.3. Equations and Algorithm That Conform the EMU-SANETSUL Code


2.3.1. Reaction Equations Based on the Empirical Model Proposed by Matos et al.


In the present work, the empirical equations proposed by Matos et al. [21] were adapted for their integration in the novel dynamical code EMU-SANETSUL. The empirical equations included by Matos et al. [21] take a number of equations from other classical empirical models in the field [46,47,48]. The code is composed of two main equations. The first one calculates the H2S balance in the wastewater; whilst the second one solves the H2S balance in the gas phase of the collector. Both equations are coupled. The equations and the explanations of its terms are included in the Appendix A.




2.3.2. Discrete Volume Element Method (DVEM)


DVEM is an explicit dynamic water-quality modeling algorithm developed for tracking dissolved substances in water-distribution networks [40]. It assumes that the longitudinal dispersion is neglected. The algorithm is based on a mass-balance equation that accounts for both advective transport and reaction kinetics. This is a one-dimensional transport model with instantaneous cross-sectional mixing. The inputs to the model consist of a topological description of the network, a description of how the hydraulic conditions in the network change over time (from the SWMM hydraulic calibrated model), a reaction rate expression for the constituent of concern, an initial distribution of the constituent throughout the network, and a description of the constituent concentrations entering the network through external source flows over time.



Sulfide mass is allocated to discrete volume elements within each pipe, and within each time step, reactions occur within each element, mass is transported between elements, and mass and flow volumes are mixed at downstream nodes. Each link in the network is divided into a number of equal-sized elements, n, spaced evenly along the link axis. A time step, τ, is selected to ensure that water is not transported in a link beyond its downstream boundary node, a link’s volume element must be chosen to be less than or equal to the flowrate multiplied by the time step, Qiτ, and τ cannot be greater than the shortest travel time through any of the network links associated with a particular hydraulic event. The following equations detail the time step and number of divisions of the link calculation:


  τ = m i n  (    V o l u m  e i     Q i     )  ,  



(1)






  n =  [    V o l u m  e i     Q i  τ    ]  .  



(2)




when all the network links have been partitioned into volume elements and the initial mass distribution computed, the propagation of mass through the network over each water-quality time step proceeds in four phases: (1) first kinetic reaction step in which the mass in each volume element undergoes a kinetic concentration change; (2) a nodal mixing step in which mass and volume are mixed together at nodes with outside of the network incoming flow; (3) an advective step in which mass is moved between adjacent volume elements; and (4) an allocation step, where divisions of links are re-calculated, mass and volume are distributed in these, and in which input nodal mass is attached to the first (head) volume element of all outgoing links.





2.4. Workflow of the EMU-SANETSUL Code


The EMU-SANETSUL code was written in MATLAB (2015, The MathWorks Inc., Natick, MA, USA). It consists of five scripts organized in a series workflow (see flowchart in Supplementary Materials, Figure S2). They are preceded by a batch file in MS-DOS that records all the simulation results data from SWMM, required for further simulation of the sulfide’s evolution. The first script, A, calculates the time interval for the DVEM algorithm, τ, and the divisions of each link, n. This first script also organizes the data of all the links such as the geometric characteristics (slope, diameter, Manning number, etc.) and the hydraulic simulation results (flowrate, velocity, flow depth, wetted area, incoming flowrates at the nodes, etc.) along each simulation time interval. The second script, B, once the time interval has been calculated, extends the time intervals from the initial data every 10 min to the τ value of around a few seconds. The next script, C1, saves the input data: daily BOD5 and T curve; constants such as M, fp, m of the empirical equations proposed by [21] that conform the calibration parameters. The C2 script creates the model topology to find the link connections. The last script, D, includes the reaction, advection, and allocation of the incoming flows. The reaction is evaluated with Equations (A1)–(A9) expressed in a forward finite difference scheme that is applied to each division of the links in the network. The state variables calculated are the dissolved H2S concentrations in the wastewater and gas phase—air phase of the sewer—expressed in mg/L and ppm, respectively. Once the reaction has taken place, the advection process is completed with the mass displacement from each of the existing divisions of the link to its downstream located division. In the next time step, where flowrate could have changed, the divisions of the link are re-calculated, and the mass and volumes have to be re-located and ready for the next reaction process. Figure 6 shows the workflow scheme that takes place in EMU-SANETSUL. Values of τ simulated in the present work are of 30 s and the divisions in the link reached the maximum value of 100 in the considered network of the main lines of the city of Murcia.





3. Results and Discussion


3.1. Calibration of Nodes Comparison with Experimental Measurements


The main sewer network of the city of Murcia was simulated according to the Discrete Volume Element Method (DVEM) dynamic algorithm time-varying proposed by [40,41,42], and using the empirical equations proposed by [21,46,47,48] expressed in a finite difference scheme. A total of seven nodes of the Murcia network were used for the calibration process (Figure 5). These nodes belonged to the field campaign developed in 2016, 2018, and 2019. Field measurements registered the H2S in the gas phase inside seven pipes of the network, covering continuous periods ranging from 7 to 17 days. Nine time periods are included in these seven nodes; the calibration values are shown in Table 2. The H2S values were recorded every 5 min. Figure 6 and Figure S3 (Supplementary Materials) show the observed data and the moving mean series of the observed data where each value is the average of a subset of 50 original values. The computed values presented in Figure 6 correspond to the results obtained with the EMU-SANETSUL code with M and fp as the calibration parameters. Parameter m was set to 0.7 during the calibration process, since in the bibliography the range is 0.64 to 0.96 [2,21]. Table 2 shows calibration values for each of the seven nodes where measurements were taken.



In view of the values collected in Table 2, the main differences appear with the parameter M of sulfide generation due to the biofilm, which has been assigned higher values at nodes 30,370 and 27,291. This would seem to be related to the fact that the biofilm shows greater activity in view of the specific values measured. The rest of the values are in the range listed in the bibliography [2,3,22]. As commented in Section 2.4, the code solves the continuity Equations (A1) and (A2), with the use of Equations (A3) to (A9), at each division of each link to calculate the state variables. Figure 6 shows the comparison between the simulated and measured values of H2S in the gas phase inside the pipes at the seven nodes studied. The code assumes the same calibration parameter values in all the links of the analyzed network. Comparing the simulated values with the smoothed measurements, in general terms, it is observed that the trend of the evolution of the H2S inside the collectors is reproduced, although differences do appear in certain time periods. In some cases, the first periods of measured values with the ODALOG equipment present differences with the trend shown in the following days. This is due to the fact that air circulation in the pipelines is modified during operations to position the equipment. For instance, low measured values can be observed in the case of node 30,370 and the days 1–2 July of 2018. The daily temperature and BOD5 input curves are identical throughout the simulation period, the temperature curve only changes when the season changes. Therefore, the simulated H2S in gas phase values are the same every 24 h. The periods compared are around a week and reach a duration of up to 17 days (from 9 March 2019 to 26 March 2019) in the case of node 23,309.



In the case of the observed moving mean and measured values presented in Figure 6, the accuracy index, AI, and error index, Er, are calculated according to Equations (3) and (4), respectively; the results are presented in Table 3. The values obtained from the EMU-SANETSUL code are less than 57% in the case of the AI index and less than 15% in the case of the Er index. According to several quality models, a model simulation can be judged as being satisfactory if Er is in the range of ±55%, and AI < 40% [49,50,51].


  A I  ( % )  =   R M S D     H 2 S g  ¯    =      1 n   ∑ i n     (  H 2 S  g  m e a s u r e d _ i   − H 2 S  g  c a l c u l a t e d _ i    )   2        H 2 S g  ¯    100 ,  



(3)






  E r  ( % )  =    ∑ i n   (  H 2 S  g  m e a s u r e d _ i   − H 2 S  g  c a l c u l a t e d _ i    )     ∑ i n  H 2 S  g  m e a s u r e d _ i     100 .  



(4)







Here, n is the number of observed data, H2Sgmeasured and H2Sgcalculated are the concentration of sulfide in the air phase corresponding to each of the nodes measured in the field and simulated, respectively, and     H 2 S g  ¯    is the average total sulfide corresponding to the measured values (ppm).



According to the bibliography, the error index, Er, is in the range of maximum errors for a quality simulation model while the AI is preserved in the range of 40%.



The sensitivity analysis of the computed H2S concentration in the gas phase due to the variation of the sulfide buildup parameter, M, was carried out through repeated simulations using the EMU-SANETSUL code. The results obtained at node 23,309 with four different values of M (0.001, 0.0014, 0.002, and 0.0025) are presented in Figure 7. The figure shows a moderate sensitivity to the M parameter which allows to visualize the stability of the code. The accuracy index, AI, and error index, Er, were calculated for these four values of M and are presented in Table 4.



Figure 8 shows the dissolved H2S concentration in the wastewater expressed in mg/L as calculated at nodes 27,291, 30,370, and 23,305. This parameter is in equilibrium with the values of H2S in the gas phase as Equations (1) and (2) are coupled. The dissolved H2S concentration must be considered in the calibration of the nodes, i.e., both dissolved in wastewater and gas phase H2S result from the calibration parameters presented in Table 2. The observed values correspond to wastewater samples taken at the calculation nodes during the periods indicated where CHEMetrics® colorimetric kits were used during the field campaigns. The observed values are in the range of the simulated values, and the evolution of the dissolved H2S inside the collectors presents an acceptable agreement with the field measurements using the proposed calibration parameters.




3.2. Asset Management Information from Sulfide Modeling


In this section, a simulation was performed with the averaged parameters from the calibration process detailed in the previous section, M = 0.003, m = 0.7, and fp = 0.98. The sulfide concentration at the gas phase of the pipes of the Murcia (Spain) main sewer network was obtained for three representative periods of the year in terms of wastewater temperature: (1) February, (2) July, and (3) September–October. The values of each of the three periods were weighted averaged, and an annual average value of H2S was calculated at each pipe of the network, presented in Figure 9. Four different ranges, 0–25; 25–50; 50–100; and 100–200, were established. This information is valuable as it can be used from an asset management perspective to study those sections that are more susceptible to suffering corrosion. The H2S concentration is a key factor that enables the loss of thickness of the wall of the pipes along the time to be calculated, and it is mandatory in any life-cycle analysis of the pipes. In the research field, additional factors are also utilized [38,39].



Table 5 presents a summary of the length of network associated to each of the four ranges of H2S in the gas phase inside of the pipes. This can constitute an interesting piece of data when prioritizing the areas where future research should be addressed.



Figure 10 provides a general view of Murcia city pipelines, showing mechanical deterioration observed with CCTV inspection by EMUASA. These lines are compared with the annual averaged simulated sewer network. As may be observed, the simulated network merely covers the main pipes in the city of Murcia. Mechanical deterioration can be brought about not only by sulfide corrosion, but also by other causes such as a deficient installation or other actions from the top of the road that could damage the pipe. However, corrosion is a key factor that boosts deterioration. The results show that it may be a good practice to keep track of the pipes where mechanical wear was observed and in which the EMU-SANETSUL code gave results of high average H2S concentrations throughout the year. In this way, this could constitute a prioritization tool in asset management. In view of Figure 10, although the match is not absolute, it can be seen that areas with a high sulfide level usually also present pipelines with numerous mechanical deteriorations. For better understanding, three zones, N1, N2, and S1, were selected from the plain view presented in Figure 10, and amplified and presented in Figure 11. These reflect areas where abundant mechanical deterioration and high annual sulfide values are observed. All the selected zones show that the red (100–200 ppm annual average values) and yellow (50–100 ppm) lines also corresponded with mechanical wear in the pipes.



Table 6 presents the length of the network with the maximum annual average range of H2S in the gas phase and its overlap with the pipes where mechanical deterioration has been detected.





4. Conclusions


A dynamic model (EMU-SANETSUL) to calculate hydrogen sulfide (H2S) concentration in both the water and the gas phases of the main sewers of the city of Murcia was proposed. The model was calibrated with data from field measurements from both the gas phase and wastewater along the network. Samples were taken from the network from 2016 to 2019. The code was written in MATLAB® and uses an explicit discretization technique called the Discrete Volume Element Method (DVEM) [40,41,42], where reactions are calculated using empirical equations as proposed by [21] expressed in a finite difference scheme. Results from an existing calibrated hydraulic model available from the Municipal Water and Sanitation Company of Murcia (EMUASA) [43,44] were used as starting information. Daily BOD5 and temperature curves of the network were also input data for the code. The calibration process consisted in the variation of parameters M and fp, where m was set to 0.7. Since fp was in the range from 0.96 to 0.99, the sulfide generation flow coefficient due to the biofilm M was the principal calibration parameter adopting values in the range from 1 to 6 × 10−3 with an average value of 3 × 10−3. Simulations were undertaken adopting a constant value of the parameters for all the pipes. In the seven calibration nodes and during nine different time periods, acceptable fit to the observed data was achieved with accuracy indexes such as AI and Er in the ranges of 40% and 15%, respectively. This model is considered as the starting point work for the modeling of H2S in the gas phase inside a sewer network. For future work, it is recommended to increase the amount of observed data to increase the number of calibrated nodes. Furthermore, future work could use different calibration parameters for each of the links, according to different pipeline conditions, such as their age or mechanical wear. Although several previous works in the literature provide the range of the parameters with some approximation and enable simulations to be performed, achieving an accurate model of the network requires a field campaign to measure the calibration parameters.



The pipes with the higher values of H2S—100–200 ppm—are found in areas presenting some of these features:




	
Pipes located downstream of a pump station;



	
Overloaded pipes where the gas phase represents a low surface;



	
Higher values of slope or a combination of these.








From the simulation results, a map of the annual average H2S concentration in the gas phase of each pipe was created as a tool that can contribute to asset management. Information on sections with the highest annual average concentrations were obtained, which could be considered in a prioritizing matrix for the decision of the rehabilitation, coating, or renewal of pipes. The calculated annual concentrations were compared with the map of mechanical deterioration of pipes obtained from CCTV. Mechanical deterioration of the pipes has its origin in diverse causes, not only corrosion from H2S, although sections where high sulfide concentrations coincide with a high degree of mechanical wear could be prioritized for rehabilitation. The sulfide modeling provides valuable information that can be used for better asset management of the sewer network. The H2S concentration enables the loss of thickness of the wall’s pipes along the time to be calculated, which is a factor to include in any life-cycle analysis of the pipes in conjunction with some other factors [38,39].
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Appendix A


The first equation calculates the H2S balance in the wastewater; whilst the second one solves the H2S balance in the gas phase of the collector. Both equations are coupled.


    d    [ S ]    a q     d t   =      [ S ]    g e n e r a t e d      R h    −      [ S ]    e m i t t e d      d m    ,  



(A1)






    d    [ S ]    a t m     d t   =      [ S ]    e m i t t e d      d m       V  w a t e r      V  a i r        γ w     γ a    −    [ S ]    w a l l      P  d r y      V  a i r        γ w     γ a    ,  



(A2)




where:


     [ S ]    g e n e r a t e d   = M E B O D = M B O  D 5    1.07   T − 20   ,  



(A3)






     [ S ]    e m i t t e d   = m    [ S ]    a q    C A     (  s u  )     3 / 8     (  1 − q  )  ,  



(A4)






     [ S ]    w a l l   =    D H   C H   (  1 −  f p   )     T c    .  



(A5)







Other equations of the model [21] are


   C A   =  (    1 + 0.17  u 2    g  d m     )  ,  



(A6)






  q =  [     C H     C  e q      ]   



(A7)






   C  e q   =  (  3.79 x   10   − 5    T 2  + 7.64 x   10   − 3   T + 0.197  )     [ S ]    a q   ,  



(A8)






   T c  =   32.8  υ  a i r      u  a i r    f  0.5     ,  



(A9)




where: [S]aq = simulated dissolved H2S in wastewater (mg/L); [S]generated = H2S generated in the wet biofilm perimeter (mg/m2h); [S]emitted = H2S emitted from the wastewater into the gas phase of the collector through the surface of the water (mg/m2h); [S]atm = existing simulated H2S in the gas phase of the pipe (ppm)gas; [S]wall = H2S absorbed by the dry perimeter of the pipe (mg/m); Vwater = volume of the wastewater in the calculation section (m3); Vair = volume of air in the calculation section; M = sulfide generation flow coefficient due to biofilm (m/h) adopting constant values around 1 × 10−3 for favorable conditions of sulfide buildup [2,3], with values up to around 3 × 10−3 experimentally measured [22]; EBOD = effective biological carbon demand at five days as a function of water temperature; T = water temperature (°C); m = empirical coefficient of loss of sulfides to the gas phase, adopts values from 0.64 to 0.96 (from more to less conservative); CA = turbulence factor; s = slope of the energy line (m/m); u = mean flow velocity in the cross section (m/s); dm = mean flow depth calculated as wetted surface divided by the width of the transversal water surface (m); q = relative saturation of H2S in the air (CH) in reference to the equilibrium concentration (Ceq), adopting values between 2% and 20%; Tc = biofilm thickness on dry perimeter of the pipe; fp = clogging percentage of the biofilm surrounding the dry perimeter of the pipe, with values usually above 90% [4]; DH = diffusivity of the H2S through the biofilm assumed constant = 58 × 10−3 m2/h; uair = mean velocity of air ≈ 0.65 u (m/s); υair = kinematic viscosity of air (m2/s); f = Darcy–Weisbach coefficient taking into account the roughness due to the sediments and their transport on the bottom. The state variables to be calculated at each pipe and time interval are the dissolved H2S in wastewater, [S]aq and the H2S in the gas phase inside the pipe, [S]atm.
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Figure 1. (a) View of the degradation of a sewer in Corredera Street in the town of Javalí Nuevo (Murcia, Spain). (b) Detail of degraded pipe because of the action of hydrogen sulfide (H2S) proposed in Odor and Corrosion Control in Sanitary Sewerage Systems and Treatment Plants: Design Manual [2]. 
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Figure 2. View of part of the map of the pipelines with mechanical deterioration observed with CCTV inspection in the city of Murcia by Municipal Sanitation Utility of Murcia (EMUASA). 
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Figure 3. View of the hydraulic model of the main sewers of the city of Murcia in the Storm Water Management Model (SWMM) where some of the calibration nodes are indicated. 
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Figure 4. Daily curve of temperature and biochemical oxygen demand (BOD5) of the wastewater that circulates through the network in dry weather. 
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Figure 5. Location of sulfide calibration nodes in the main sewer network of the city of Murcia. 
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Figure 6. Simulated and observed values of H2S in the gas phase of the sewers in the calibration nodes in different time periods. 
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Figure 7. Sensitivity of the H2S concentration in the gas phase of node 23,309. 
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Figure 8. Simulated and observed values of dissolved H2S in the wastewater of the sewers at node 27,291. The calculated values are shown by a continuous blue line, whilst the measured samples are represented with red crosses. 
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Figure 9. Annual average sulfide concentrations at pipe scale of the main sewer network of the city of Murcia. 
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Figure 10. General view of the comparison of mechanical deterioration observed with CCTV inspection and average sulfide concentration where the investigated zones are marked. 
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Figure 11. Comparison of mechanical deterioration observed with CCTV inspection and average sulfide concentration at the area marked as S1 in Figure 10. 
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Table 1. Description of the hydraulic model of Murcia.
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Description

	
Element

	
Number






	
Hydraulics

	
Nodes

	
6656




	
Outfalls

	
65




	
Tanks

	
65




	
Links

	
6655




	
Pump stations

	
39
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Table 2. Values adopted by the simulated variables for the calibration of the experimental measured nodes.
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Calibration Node

	
Temporal Period

	
M

	
m

	
fp

	
s

	
Diameter




	
(m/h)

	
(-)

	
(-)

	
(%)

	
(m)






	
27,291

	
September 2016

	
0.006

	
0.7

	
0.99

	
0.38

	
2.00




	
58,452

	
October 2016

	
0.001

	
0.7

	
0.96

	
0.39

	
2.80




	
30,370

	
July 2018

	
0.004

	
0.7

	
0.6

	
0.6367

	
0.90/0.60




	
30,371

	
July 2018

	
0.0017

	
0.7

	
0.97

	
0.12

	
1.20/0.80 *




	
23,305

	
July 2018

	
0.0045

	
0.7

	
0.6

	
0.1093

	
1.20/0.80




	
23,305

	
March 2019

	
0.0028

	
0.7

	
0.98

	
0.10

	
1.20/0.80 *




	
23,309

	
March 2019

	
0.0014

	
0.7

	
0.97

	
0.18

	
1.20/0.80 *




	
30,367

	
March 2019

	
0.0011

	
0.7

	
0.97

	
0.06

	
0.90/0.60 *




	
30,370

	
March 2019

	
0.006

	
0.7

	
0.97

	
0.63

	
0.90/0.60 *








Note: * oval section, first value corresponds to maximum height and second to maximum width.
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Table 3. Accuracy index (AI) and error index (Er) values at calibration nodes.
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	Node Name
	Period
	AI (%)
	Er (%)





	23,305
	March 2019
	22.55
	4.21



	23,305
	July 2018
	37.42
	1.61



	23,309
	March 2019
	28.09
	13.79



	30,367
	March 2019
	28.35
	2.11



	30,370
	March 2019
	31.20
	−5.09



	30,370
	July 2018
	40.31
	−2.75



	30,371
	July 2018
	35.27
	5.42



	27,291
	September 2016
	33.26
	−5.82



	58,452
	October 2016
	29.04
	8.01
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Table 4. Accuracy index (AI) and error index (Er) values for sensitivity of variable M at node 23,309.
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Node Name

	
M

	
AI (%)

	
Er (%)






	
23,309

	
0.001

	
41.64

	
37.8




	
0.0014

	
28.04

	
13.79




	
0.002

	
45.58

	
−22.23




	
0.0025

	
75.09

	
−52.24
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Table 5. Length of pipelines associated to the four annual average H2S ranges.






Table 5. Length of pipelines associated to the four annual average H2S ranges.





	Annual Average Gas Phase H2S (ppm)
	Length (km)
	Length (%)





	0–25
	121.7
	51.9



	25–50
	38.3
	16.3



	50–100
	24.8
	10.6



	100–200
	49.7
	21.2
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Table 6. Length of pipe in the selected zones and overlap between high range and mechanical wear.
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	Selected Zones
	Total Length (km)
	Length 100–200 ppm Range (km)
	Overlap with Mechanical Wear (%)





	N1
	3.68
	0.87
	42



	N2
	0.77
	0.45
	54



	S1
	2.37
	0.94
	57











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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