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Abstract

:

Decentralized water management requires innovative technical solutions due to restricted operational and economic resources. In this study, a combined, decentralized infiltration system in the form of closely-spaced sub-systems for precipitation water and treated wastewater has been numerically analyzed. Flow and transport simulation shows that a closely-spaced system, by arranging the infiltration pipes closely in a longitudinal manner, is feasible under the consideration of German national guidelines for both infiltration methods. Precipitation events up to a recurrence interval of five years can be infiltrated alongside with treated wastewater of a one-family house without significant reduction of the wastewaters’ residence time. Scenario analyses highlight that harmless wastewater infiltration remains mainly undisturbed for a broad bandwidth of hydrological, subsurface, and technical conditions.
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1. Introduction


Traditional and historically developed centralized water infrastructures in urban regions worldwide typically consist of a combination of storm water drainage and water distribution, as well as wastewater treatment and discharge systems that are designed for large water quantities (e.g., Reference [1]). However, changes in population density (especially population growth and rural depopulation), rising living standards, land development trends, and various impacts on site hydrology (e.g., effects induced by climate change, but also effects arising from urbanization such as soil sealing) can have a detrimental effect on the sustainability and economic efficiency of these centralized infrastructures (e.g., References [2,3,4]).



Alongside the aging of existing water infrastructure (e.g., References [5,6,7]), more sustainable systems for an adaptive and future-proof water resource management concept are required. Here, decentralized systems that are designed especially for storm water infiltration, as well as for wastewater on-site treatment, have become increasingly relevant for building owners and operators (e.g., Reference [8]). For example, between 20% and 25% of existing and one third of all newly built private resident buildings in the USA are equipped with decentralized systems [9,10]. Besides, various legal frameworks worldwide also address this trend towards decentralized systems (e.g., EU91/271/EEC [11], as well as corresponding national implementations). This is particularly true for residential areas without conventional full-scale sewer systems, where decentralized approaches may represent a sufficient alternative. Other application areas are regions with low population densities, regions in developing countries, and isolated settlements, i.e., regions where a full-scale centralized system is not economically and/or technically realizable (e.g., References [12,13,14]).



Mostly constructed in the early 20th century, storm water management infrastructure in most cities still relies on the collection of storm water runoff in combined or separated sewer networks (often alongside with water retention using rain water tanks and basins), followed by a discharge to appropriate receiving water bodies (e.g., References [15,16]). Nowadays, for new constructions, decentralized onside precipitation water infiltration to the subsurface is increasingly used as an alternative (e.g., Reference [17]), especially when receiving surface water bodies are far away. Common infiltration systems include rain gardens, infiltration ditches, trenches, shafts, and, in some cases, especially for clean water, recharge wells [18,19,20]. Such recharge systems may be applied to single houses or neighborhoods.



While conventional, mostly centralized wastewater treatment systems in urban areas are typically designed to convey water over large distances from various disposal sources towards a treatment plant (e.g., References [21,22]), the aim of decentralized systems is to clearly reduce this collection component to a minimum [23]. Here, treatment and, if appropriate, the disposal, is realized at the respective site or in the vicinity of the sources. This option is relevant not only for developing countries [24,25], but also for rising mega-cities, where costs for the extension or new construction of centralized sewer systems are almost beyond imagination [26]. Until now, decentralized disposal of treated wastewater originating from single houses or grouped infrastructures is realized by conveying the water preferably into rivers and streams, although such kinds of measures may not be ecologically, economically, or technically viable for all conditions (e.g., References [27,28,29,30]). As for storm water discharge, on-site infiltration of treated wastewater into the subsurface can be an alternative (see Reference [31]).



However, for the infiltration of such low-quality waters, aspects of subsurface purification and groundwater protection have to be taken into account. Various field and laboratory studies (e.g., References [32,33,34,35,36]) indicate that wastewater treatment based on soil infiltration can remove organic compounds, nitrogen, phosphorus, suspended solids, trace metals, bacteria, and viruses [37]. Biodegradation of organics was experimentally determined to occur within the first 15 cm to 30 cm of the soil being infiltrated [38,39]. Nitrification and denitrification processes were observed within the first 0.7 m and 1.5 m, respectively [31]. Water temperature and operation-specific hydraulic loading, keeping a balance in respect to biological active clogging zone genesis [38], seem to be the main contributors to removal efficiency [31,37].



To date, the aforementioned systems for precipitation water (e.g., rain) and treated sewage effluent infiltration have been used separately. However, it can be assumed that a combined usage may be advantageous for applications with limited available space, but may be also favorable for logistical and economic reasons.



This work intends to encourage the consideration, assessment, and appropriate use of closely-spaced, decentralized precipitation water, and treated wastewater infiltration systems, but also aims to highlight the capability of numerical methods to consider local hydrogeological characteristics possibly affecting those systems. The combined system being evaluated is exemplary, but it follows rules defined by German regulation guidelines (DWA-A 138, 2005; DIN 4261-1, 2010; DIN 4261-5, 2012) [40,41,42]. Please note that regulations in other countries may differ.



A first step was to delineate minimum requirements for such systems and to identify feasible technical solutions. Secondly, numerical simulations of infiltration processes have been realized for an exemplary system using the software code HYDRUS 2D/3D (Co. PC-Progress, Prague, Czech Republic) as well as PCSiWaPro® (developed by TU Dresden, Dresden, Germany and Co. Ingenieurbüro für Grundwasser GmbH, Leipzig, Germany). Together with a large set of potential field-scale scenarios affecting infiltration and wastewater retention times, the principal suitability of closely-spaced systems is illustrated.




2. Materials and Methods


2.1. Delineation of Operational Criteria


The closely-spaced infiltration of liquid precipitation (e.g., rain or snowmelt) and treated sewage effluent (TSE), i.e., treated wastewater via decentralized systems requires essential operational criteria that have to be considered:



I. TSE retention time must not be significantly reduced



Percolation through the unsaturated zone includes the potential of further improvement of TSE quality (see Introduction and references therein). To support the degradation processes during wastewater percolation, a relatively long retention time together with a sufficient oxygen supply is envisaged. The processes of TSE purification in the unsaturated zone have been investigated in the literature by, e.g., soil column experiments (see Section 2.2.2: Dimensioning of TSE Infiltration).



II. TSE infiltration must not be impeded



Heavy precipitation events have the potential to hydraulically influence TSE percolation within a combined or closely-spaced system. In this context, most critical would be backwater pressure affecting the technical treatment system. To ensure a system operation free of interference by backwater, technical design, and dimensioning of the infiltration system has to be adapted carefully.



III. Ability of the precipitation water infiltration to harmlessly infiltrate precipitation events up to statistical recurrence interval of 5 years



A block precipitation event with 5-year recurrence interval (i.e., 20% chance of occurrence within a year; German guideline [40]) shall not prevent harmless retention and infiltration. For a subsurface infiltration element, the precipitation water volume has to be stored within the system’s free pore volume [40].



The aforementioned restrictions have been considered throughout this study, which focuses on the numerical simulation of a continuous TSE infiltration together with a 5-year precipitation event. Water content changes as well as the migration behavior of a synthetic (conservative) TSE tracer have been observed at selected locations. Exemplarily, standard German guidelines were employed for the dimensioning of each infiltration ditch/trench (see next section).




2.2. Description of the Exemplary System and Parameter Definition for the Reference Case


Infiltration ditches or trenches are often equipped with infiltration pipes located in a gravel pack of comparably high conductivity (e.g., Reference [40]). Here, two general designs for a closely-spaced precipitation water and TSE infiltration system appear to be feasible: Pipes can be located in a longitudinal direction (Figure 1, upper design) or in a parallel layout (Figure 1, lower design). Hereby, locating the pipes in longitudinal direction is more preferable as hydraulic interaction between both infiltration ditches is reduced. Therefore, the focus of this study is on the longitudinal pipe location design. However, the specific design may depend on site-specific and technical parameters such as available land space or connection to the treatment and water collection structures.



2.2.1. Dimensioning of Precipitation Infiltration


To illustrate the dimensioning process, an average German one-family house with an approximate housing space of 150 m2 [43], a roof area of 100 m2 (assumption), and a surrounding area of 850 m2 [43] was chosen. Hereby, a sealing rate of approximately 25% was assumed for the latter, which leads to a total sealed area including the roof of approximately 315 m2. The precipitation water originating from this area has to be infiltrated by the infiltration system. A shallow depth to groundwater of 5 m below infiltration ditch bottom was assumed (8.7 m below surface elevation).



According to German guidelines [40], precipitation events of 5-year recurrence interval have been acquired by using KOSTRA-DWD data (Koordinierte Starkniederschlagsregionalisierung und -auswertung des Deutschen Wetterdienstes (coordinated heavy precipitation regionalization and evaluation by German Weather Forecast), [44]). This dataset is based on measured values of corrected precipitation for a period between 1951 and 2010 and is valid for the reference site “Schöneck im Vogtland”, Saxony, Germany. For this site, precipitation intensities of selected event durations are given (Table 1). After recalculation into values that represent intensities per ditch area, this data is used for delineating the influx boundary conditions for later modeling (see Section 2.3: Numerical Model).



The dimensioning of the precipitation infiltration ditch/trench is based on German guidelines [40]. Total retention space is assumed to be located below a slotted distribution pipe. The input parameters for dimensioning are listed in Table 2.



Based on the determined input data for the location of Schöneck i.V. (Table 1 and Table 2), a 5-year precipitation event yielded an event period length of 360 min and a rate of approximately 22.5 L·s−1 ha−1. The infiltration ditch width was calculated to be 2.02 m. Please note that, due to the numerical set-up in Section 2.3: Numerical Model, the calculation method for effective infiltration area [40] (DWA-A 138, 2005) had to be slightly adapted here. The guideline considers base area added by a quarter of the wall area of the longer sides of the infiltration ditch respectively to calculate the effective infiltration area. This flow component is however not considered in the two-dimensional set-up of this study, but rather the flow from the shorter sides (see Figure 2 for detailed conceptual model). Therefore, dimensioning based on Reference [40] was rotated by 90°.




2.2.2. Dimensioning of TSE Infiltration


Previous Works on TSE Infiltration Experiments


For dimensioning TSE infiltration ditches, it is necessary to understand relevant reactive transport processes occurring below the infiltration system, i.e., within the unsaturated soil zone. These processes are primarily influenced by the biochemical composition of TSE as well as the supply of pollutant degrading bacteria with water, nutrients, and oxygen that is mainly influenced by the soil matrix properties, the infiltration rate, and the employed infiltration cycle [47,48]. Besides this, Reference [49] observed that the transition to acidic conditions in soils might potentially negatively affect purification. With knowledge about these processes and the parameters influencing them, it should be possible to estimate the minimum vertical infiltration length in the unsaturated soil zone to ensure optimal conditions for biodegradation processes (sufficient oxygen availability combined with a sufficient, not too high soil moisture content, and sufficient supply with nutrients), resulting in an acceptable reduction of residual TSE contents.



The infiltration of TSE from decentralized treatment systems into the unsaturated zone had been investigated by Reference [50] using four approximately 1.5 m long, variably water-saturated columns filled with sandy soils. The infiltration rate and its temporal scheme in Reference [50] was set-up according to DIN EN 12556-3 [51]. Chemical analysis of pore water samples taken in these works indicate that under the conditions studied here (time-variable flow rates and sediment characteristics lead to determined average residence times from 2.4 days to 3.7 days), the infiltrated COD (Chemical Oxygen Demand) values decreased to at least 50% on the way through the columns. The degradation took place over the entire column length. Almost 100% degradation for the infiltrated NH4-N was detected in all four columns [50]. Due to the reduction of ammonium in the course of nitrification processes, an increase in nitrate concentrations in the effluent was observed. Lastly, denitrification was hardly noticed in Reference [50], as oxygen was sufficiently available in the soil. Based on these results, a minimum vertical infiltration zone of 1.5 m appears to be sufficient for considerable biodegradation of the previously mentioned residual TSE contents.



Based on References [41,42], the required wall area for TSE infiltration ditches depends on population equivalents (PE) per household. Here, a sewage equivalent of 150 L·PE−1·day−1 and a minimum infiltration area of 1 m2·PE−1 was assumed. However, previous results [49], as well as DIN 12556-2 [52], indicate a strong relationship between the required infiltration area of a system of arbitrary design and the water-saturated hydraulic conductivity of the native subsurface material. Besides this, keeping TSE infiltration dimensioning unaffected from native sediment type may lead to high water contents and, therefore, may also affect retention times [53] and purification potential as well (among others, by oxygen availability [49]). Based on Reference [49], the wall area for the water-saturated hydraulic conductivity estimated in this study (see Table 2) had to be increased by a factor of 2, i.e., the rate per wall square area decreases to 75 L·m−2·day−1 (as compared to 150 L·m−2·day−1 defined by References [41,42]).




Geometric Dimensioning of the TSE Infiltration and Closely-Spaced System


In agreement with a one-family house concept, a wastewater effluent for four persons (4 × 150 L·day−1) was assumed for the TSE infiltration ditch. According to References [41,49], and by assuming a width of 0.5 m, it led to a TSE infiltration ditch volume of 8.0 m × 0.5 m × 0.5 m with a total wall area of 8.5 m2. The base wall area was increased by a factor of 2 due to the lower water-saturated hydraulic conductivity of 2 × 10−5 m·s−1. As mentioned previously, both infiltration ditches were placed in a longitudinal direction to reduce the interaction (see Figure 2). The depth of the TSE infiltration ditch was assumed to be 0.5 m below the distribution pipe, filled with gravel (see Reference [49] and references therein, [45]). The dimensions of both infiltration ditches can be found in Table 3.



Note that in the numerical model (see next section) vertical infiltration from the TSE infiltration was dominant due to the two-dimensional set-up. However, conventional dimensioning of TSE infiltration ditches only considers wall areas to be effective for infiltration. However, it can be assumed that the bottom of the TSE infiltration ditch will become less permeable after only a period of years, depending on the TSE water quality and possible transport of fine particles into the gravel pack [45]. Additionally, TSE infiltration is generally smaller in width than precipitation infiltration [45]. Due to gravity, horizontal flow from the side walls was assumed to eventually transform primarily into a vertical flow before the water finally reached the lateral extents of the precipitation ditch. Therefore, a vertical, two-dimensional set-up, aligned alongside the longitudinal axis of the ditches, appeared to be appropriate.






2.3. Numerical Model


2.3.1. Model Set-Up


The software code HYDRUS 2D/3D (Co. PC-Progress [54,55]) was used for the numerical simulation of the postulated closely-spaced infiltration system. Here Richards’ equation [56] and the van Genuchten retention function [57], together with the Mualem equation [58], was selected to consider the dependency between the water content and relative hydraulic conductivity (no hysteresis assumed). For the reference case, a cross-sectional model of 38.25 m × 12.7 m (L × H) including both infiltration ditches was set up to meet the real-world geometry specifications. Both infiltration ditches were located close to each other, being separated by a 0.2 m thin vertical clay barrier with a water-saturated hydraulic conductivity of 1.16 × 10−8 m·s−1 (assumption, see model setup in Figure 2). The numerical fitness of the flow and transport model has been proven by transferring the geometries, parameters, and boundary conditions of the basic reference model to the scientific model code PCSiWaPro® (e.g., Reference [59]), providing a good agreement to the results presented here.



Time-variable flow boundaries have been used to mimic the infiltration from slotted pipes into the gravel-filled ditches. The ground water table was considered using fixed-head boundaries along the lower 4 m of the vertical model boundaries. All other hydraulic boundaries were set to be no-flow. For simplification, the retention space for the precipitation water infiltration was assumed to be located below the elevation of a hypothetical distribution pipe (flow within the pipe and related pressure losses as well as storage within pipe were not simulated). Initial pressure heads and water contents were calculated by assuming saturation equilibrium from the groundwater table. The temporal TSE infiltration scheme was based on Reference [51] and divided the daily infiltration volume into six sub periods with interval lengths ranging from 2 to 7 h. Length and intensity of the precipitation water infiltration was based on Reference [40] (slight adaptation for numerical reasons), with values representing the study site in Schöneck i.V. (see Table 1).



Simulation time before the precipitation event was 30 days, enabling quasi-stable conditions below the TSE infiltration ditch. Total simulation time for all model runs was set to 75 days (+45 days), which was seen as sufficient for observing the most relevant processes of infiltration interaction.



Hydraulic parameters for the native subsurface material were estimated using Table 2 and the HYDRUS 2D/3D soil catalog assuming loamy sand (which is in agreement with soil properties at the infiltration site in Schöneck i.V.; for data, see Electronic Supplementary Materials S1). Please note that the groundwater table and location of the impervious bottom was changed in comparison to conditions at Schöneck i.V. to get a more representative, unconsolidated aquifer, thus providing a suitable base for the scenario assessment. Retention parameters of the clayish hydraulic barrier were estimated using the HYDRUS 2D/3D soil catalog assuming loam data (see Electronic Supplementary Materials S1). Hydraulic and retention parameters for gravel (water-saturated hydraulic conductivity assumed to be 0.00165 m·s−1) were based on typical values for sand (gravel is not defined in Hydrus 2-D/3-D soil catalogue), where a slight adaption for shape parameter α, shape parameter n, and porosity have been made to fit the gravel criteria (see also Electronic Supplementary Materials S1) used in the design guideline [40].



The reference model includes approximately 137,000 computational elements and 69,000 nodes. The finest spatial discretization was realized for the infiltration ditches (0.05 m), enlarging to the maximum element size of approximately 0.15 m at the outer fringes of the model. A broad bandwidth of different scenarios based on the reference case as previously described have been investigated (see Table 4). Some scenarios required a re-meshing and an adaption of the automatic time stepping procedure.



To investigate TSE retention times, the transport of a conservative solute tracer was simulated. Although the organic content and other substances were subject to biodegradation along the vertical TSE pathway within the unsaturated zone (see Section 2.2.2: Dimensioning of TSE Infiltration) and within the saturated portion of the aquifer, the conservative transport simulation allowed to investigate solute tracer mass fluxes and relative concentrations as a worst case. To trace the movement and, more precisely, the change in TSE transport due to a precipitation event, a specific period of TSE infiltration was labelled (approximately 7 days before the onset of precipitation infiltration, except scenarios Kup and Klow), with a relative concentration Crel of 1 (background was 0). Therefore, the water was significantly marked with the tracer until an approximate depth of 6.0 m below the theoretical TSE distribution pipe. Dispersion had already led to spreading at the lower fringe of the tracer plume. The dispersivity value was assumed to be 0.25 m, with an anisotropy of 1/10 into the lateral direction. Diffusion in water was considered with an assumed diffusion rate of 1.728 cm2·day−1. Sorption was neglected to consider conservative transport.



The temporal breakthrough of relative concentration was printed at four observation nodes located in the center of the closely-spaced system (below the hydraulic barrier) and centered below the TSE infiltration ditch (see Figure 2). In addition, cumulated solute mass flux rates were printed across four flux lines [54,55] (see Figure 2). In this cross-sectional model, infiltration led to a significant groundwater mounding and, therefore, a lateral flow component above the initial groundwater table. Hence, the lowest flux line was located within the uppermost part of the elevated groundwater surface in the reference model. Since the model extents may also influence groundwater mounding due to infiltration processes depending on the hydraulic conductivity, a second horizontal flux line located 2 m above the initial groundwater level (flux line 4) was introduced to support the results.




2.3.2. Evaluation of Model Scenario Sensitivity


Water content and relative tracer concentration at the four observation locations, as well as the cumulated solute mass fluxes for four flux lines, were extracted from the model result files via a self-developed Python script (script including input data and plots available under http://dx.doi.org/10.25532/OPARA-15). Comparison of the importance of the precipitation water infiltration (precipitation sensitivity) on TSE travel times with the parameter and conceptual changes made in each scenario (scenario sensitivity, see Table 4) was done. For this, the respective concentration breakthrough curves (BTCs) in each scenario without precipitation (only TSE infiltration is active) were compared to both the reference model without precipitation and the scenario model with precipitation. Due to different time step sizes of each model run, each simulated time series was transferred into a time series with equalized output times. For this purpose, an ensemble learning method for regression using the random forest algorithm was applied. This kind of decision tree approach was able to fit a highly complex time series with very good precision and efficiency [60]. For this study, regression was defined as successful if the coefficient of determination R² was above a threshold value of 0.99. After regression, the mean absolute error (mean AECrel) and maximum absolute error (max AECrel), related to the relative concentration Crel, were calculated for each modeling scenario in order to estimate scenario sensitivity (i.e., reference scenario without precipitation infiltration vs the respective scenario without infiltration), as well as precipitation sensitivity (i.e., scenario without and with precipitation infiltration).






3. Results


3.1. Simulated Variables at Selected Observation Nodes


To investigate the impact of a precipitation event on the closely-spaced infiltration, water contents, as well as conservative transport, were analyzed. Figure 3 shows water contents at selected model times before and after the precipitation event. It can be seen that parts of the TSE infiltration plume were affected by the precipitation event, although a large portion of the vertical movement appeared to be undisturbed.



Figure 4 shows the water content θ [-] at each observation node, as shown in Figure 2 and Figure 3, for the reference model and the scenarios of lower and higher groundwater table (GWlow and GWup). Note, that the lower observation nodes are at the vertical position where flux line 3 was integrated to quantify cumulated tracer mass fluxes before transfer into groundwater (see Figure 2). It can be seen that a comparably low water-saturated hydraulic conductivity of 2 × 10−5 m·s−1 in the reference model led to a significant ponding such that observation nodes 2 and 4 constantly show full water saturation after a travel time from the TSE infiltration ditch of less than 15 days. Therefore, these observation nodes do not depict the effect of the precipitation event. However, at observation node 1, and also in scenario GWlow at node 2, the precipitation event led to a rapid increase of recorded pressure head and, thus, water content. Water contents were stable before the precipitation event started. The rise in water content due to precipitation infiltration was followed by a comparably fast decline. Until the end of the simulation, stable conditions for water contents could be observed again.



To better highlight the impact on the TSE infiltration in terms of retention times, Figure 4 also shows relative tracer concentrations at each observation node. It is obvious that BTCs at observation nodes 3 and 4 were practically identical when comparing simulations for the reference model and for scenario models with and without precipitation infiltration. Thus, the precipitation event had no effect on TSE transport in the center of the plume (and hence the main portion of the TSE infiltration ditch). However, due to dilution, a significant difference could be observed for observation node 1 that was located centrally between both infiltration ditches. Once precipitation water reaches the TSE infiltration zone, concentrations in the affected area were mostly smaller for scenarios in comparison to scenarios without precipitation water infiltration. This effect also led to a slightly faster increase of tracer concentration, in particular observation nodes, below the center of the closely-spaced infiltration system (e.g., observation node 2 for scenario GWlow), although only minor differences in the BTCs could be observed.



For most of the scenarios and observation nodes, the precipitation event had only a slight impact on the BTCs as the area influenced by the precipitation infiltration was small (see Electronic Supplementary Materials S2 for BTCs of all scenarios). Changes in the BTCs mostly belonged to the direct area of interaction (observation node 1, and observation point 2 in selected scenarios). BTC behavior mainly depended on the hydrogeological setting (e.g., van Genuchten shape parameter α and hydraulic conductivity) and conceptual realization of the TSE infiltration ditch, rather than on effects originating from the precipitation infiltration ditch. Interestingly, neglecting the hydraulic barrier (scenario NoBar) seemed not to be important for the conditions analyzed here (see Electronic Supplementary Materials S2). Here, the direct area effect by the precipitation infiltration could even more easily be reduced by considering a slightly enlarged distance between the infiltration ditches of 0.8 m or 1.6 m, respectively (see Figure 5).



Figure 6a,b shows cumulated solute mass fluxes over the four flux lines (as depicted in Figure 2) for the cases of varying van Genuchten shape parameter α (scenarios Alpha62 and Alpha142) and hydraulic conductivity (scenarios Klow and Kup). From these cases, it again becomes obvious that subsurface material seems to have a larger influence on TSE infiltration than the existence of infiltrated precipitation water. By comparing all scenarios with the reference case, as well as with and without the precipitation event, in none of the considered cases, precipitation water infiltration showed a large effect on the cumulated mass flux across the horizontal flux lines above the initial groundwater table when compared to the effect of varying subsurface properties (see Electronic Supplementary Materials S3). Only for low water-saturated hydraulic conductivities of 5 × 10−6 m·s−1 (scenario Klow) a noticeable difference could be identified for flux line 3 (see Figure 6b). However, this was due to the increased horizontal flow component above the initial groundwater table when precipitation infiltration led to significant groundwater mounding. Here, it is noteworthy that groundwater mounding was more prominent than expected for field applications as the two-dimensional set-up neglected flow into the second horizontal direction. Besides this, a third dimension is assumed to additionally reduce the interaction between both infiltration systems.




3.2. Parameter Sensitivity Analysis


The bandwidth of scenarios has been used to calculate scenario and precipitation sensitivities (mean AECrel and max AECrel values, respectively) for each of the four observation nodes (see Figure 2 and Figure 3; see Section 2.3.2: Evaluation of Model Scenario Sensitivity for methodological details). Exemplarily, results are shown in Figure 7 for a varying van Genuchten shape parameter α (scenario Alpha142 and Alpha62) and for all scenarios in Electronic Supplementary Materials S4; hereby the sensitivities reveal the relatively small importance of the precipitation infiltration as compared to the conceptual and parameter variation. Again, results indicate that the importance of the precipitation infiltration is most dominant for observation node 1 and, in some cases, for observation node 2 (see Electronic Supplementary Materials S4). However, in agreement with the results of the BTCs at the observation nodes (Figure 4 and Figure 5 and Electronic Supplementary Materials S2) and the cumulated mass fluxes across the horizontal flux lines 3 and 4 (Figure 6a,b and Electronic Supplementary Materials S3), parameter and conceptual uncertainties (as modeled in the various scenarios) often led to larger sensitivities in comparison to the existence of an active precipitation infiltration system. This could especially be seen when comparing scenario and precipitation sensitivities in observation nodes 3 and 4 (located in center below the TSE infiltration ditch). For observation point 2 in all scenarios, except for the removal of the hydraulic barrier between both infiltration systems (scenario NoBar) and the stepped infiltration (scenario Step), the scenario sensitivity was larger than precipitation sensitivity. However, it has to be kept in mind that sensitivities are also influenced by the tracer labeling time (as observable by a scenario including a tracer labelled period shifted by −7 days in Electronic Supplementary Materials S2–S4).





4. Discussion and Conclusions


From the analyses shown in the previous sections, it can be stated that closely-spaced precipitation and TSE infiltration has the potential to affect water content and, therefore, TSE travel behavior within the unsaturated zone. However, under the conditions analyzed here, i.e., when dimensioning of the infiltration ditches/trenches is realized based on German guidelines, these changes only occurred within short time periods. Besides this, depending on the geometrical design of the closely-spaced infiltration system, the portion of the total vertical TSE percolation area being influenced by precipitation remained small. When comparing BTCs of the synthetic solute TSE tracer at different observation nodes in the center of the TSE infiltration ditch and the center of the combined closely-spaced infiltration system, only small differences between the modeled scenarios with and without a precipitation event could be observed in comparison to the impact of subsurface properties and conceptual design of the closely-spaced system. This was supported by tracing cumulated solute mass fluxes across selected flux lines. Especially for the van Genuchten shape parameter α, which is not considered in ditch dimensioning strategies according to German guidelines, larger effects on cumulated mass fluxes across horizontal flux lines above the groundwater table could be noticed for varying this parameter as compared to consideration of an additional precipitation event. These conclusions support the operational criteria I and II delineated in the respective sections. Numerical results also revealed that storage capacity of the precipitation water infiltration was not significantly reduced, supporting operational criterion III. However, such systems include a large complexity between hydro(geo)logical parameters, geometrical dimensioning of the system, and the infiltration rates applied. For example, possible negative effects may arise in case of a significant groundwater mounding resulting from very shallow groundwater levels or significantly small hydraulic conductivities. Therefore, it is envisaged that appropriate modeling tools are applied to test the combination of precipitation and TSE infiltration systems for a respective site. Hydrogeological and technical details have to be considered to ensure a reduced influence between the two kinds of water to be infiltrated and, thus, sufficiently long TSE retention times. However, the closely-spaced precipitation water and TSE infiltration by ditches appeared to be plannable under careful consideration of German guidelines (see References [40,41,42]), as long as the adjacent TSE infiltration did not largely reduce the projected infiltration area of the precipitation system and vice versa. Besides this, as the base for dimensioning was a precipitation event with a 5-year recurrence interval, following works should also consider effects of precipitation events of higher intensities possibly flooding the TSE infiltration.



Although this numerical modeling study was able to investigate selected processes of closely-spaced TSE and precipitation water infiltration, practical issues have to be considered when it comes to real-world application. This may include, among others, site-specific chemical reactions (see e.g., Reference [50]), clogging (see e.g., Reference [49]), and the system´s technical layout. For the latter, please note that, apart from the infiltration method investigated here, also other systems can be used (e.g., References [19,40]).



To support the numerical findings obtained in this study, but also to investigate the flow and transport processes of the closely-spaced system under well-defined conditions, a laboratory-scale 3-D physical model with TSE application has been constructed [50]. For verification and additional scenario analysis, coupling the transport simulation of the closely-spaced infiltration system with a reactive simulation code, such as PHREEQC [61], seems highly appropriate to study these processes in more detail.
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Figure 1. Scheme of two possible designs for a closely-spaced infiltration of precipitation water and treated wastewater (treated sewage effluent TSE), not to scale, based on References [40,42]. 
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Figure 2. Conceptual reference model for closely-spaced infiltration, observation nodes 1–4, together with mass flux lines 1–4 are also depicted, not to scale. 
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Figure 3. Water contents in the reference model: (I) before precipitation water event, (II) directly after precipitation event, and (III) approximately 0.5 days after the beginning of precipitation event. Flux line 2 is vertically located between the infiltration ditches in the center of the hydraulic barrier. 
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Figure 4. Simulated values of water content θ and relative solute concentration Crel at four selected observation nodes (as depicted in Figure 2 and Figure 3) for the reference scenario and the scenarios GWup and GWlow (groundwater table increased/reduced by 1 m). _P indicates the scenarios with a precipitation event. 
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Figure 5. Simulated values of water content θ and relative solute concentration Crel at four selected observation nodes (as depicted in Figure 2 and Figure 3) for the reference scenario and the scenarios BarD40, BarD80 and BarD160 (with different distances between TSE and precipitation infiltration ditch). _P indicates the scenarios with a precipitation event. 
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Figure 6. (a) Simulated values of cumulated solute mass flux over four flux lines, as shown in Figure 2, for the reference scenario and scenarios Alpha62 and Alpha142 (varying van Genuchten shape parameter α). Note that cumulated mass fluxes could decrease due to reversed mass flux direction. _P indicates the scenarios with a precipitation event. (b) Simulated values of cumulated solute mass flux over the four flux lines, as shown in Figure 2, for the reference scenario and scenarios Klow and Kup (varying water-saturated hydraulic conductivity). Note that the conservative tracer labelled period was adapted for different scenarios of varied hydraulic conductivities. _P indicates the scenarios with a precipitation event. 
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Figure 7. Mean (mean AECrel) and maximum absolute errors (max AECrel) representing scenario (green) and precipitation (blue) sensitivities at four selected observation nodes for the scenario under variation of the van Genuchten shape parameter α. _P has been generally added to scenario abbreviations. 
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Table 1. Precipitation intensities hN of different event durations for a 5-year event at Schöneck i.V. (data: [44]).






Table 1. Precipitation intensities hN of different event durations for a 5-year event at Schöneck i.V. (data: [44]).





	Duration (min)
	5
	10
	15
	20
	30
	45
	60
	90
	120



	hN (mm)
	9.7
	14.7
	18.1
	20.7
	24.5
	28.5
	31.5
	34.7
	37.2



	Duration (min)
	180
	240
	360
	540
	720
	1080
	1440
	2880
	4320



	hN (mm)
	41.0
	44.0
	48.7
	53.9
	57.9
	68.2
	75.9
	95.9
	108.7
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Table 2. Input parameters for precipitation infiltration ditch dimensioning after [40].






Table 2. Input parameters for precipitation infiltration ditch dimensioning after [40].





	Parameter
	Value
	Reference





	Effective drained area (m²)
	315
	Based on [43]



	Water-saturated hydraulic conductivity of subsurface material (m·s−1)
	2 × 10−5
	Field infiltration test at Schöneck i.V. in 2017 by Co. M&S Umweltprojekt GmbH [45]



	Safety factor (-)
	1.2
	[40]



	Length of infiltration ditch (m)
	7.75
	Iteratively calculated according to Reference [40]



	Height of infiltration ditch (m)
	2.5
	Assumption, site-specific



	Porosity of gravel pack (-)
	0.35
	[46]
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Table 3. Spatial extents of the infiltration ditches for precipitation and TSE infiltration, respectively. Height of the precipitation water ditch and TSE infiltration ditch was kept at 2.5 m and 0.5 m, respectively.
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Water-Saturated Hydraulic Conductivity (m·s−1)

	
Precipitation Water Infiltration

	
TSE Infiltration




	
Bottom Area (m2)

	
Width (m)

	
Length (m)

	
Bottom Area (m2)

	
Width (m)

	
Length (m)






	
5.0 × 10−6

	
24.80

	
2.00

	
12.40

	
5.00

	
0.50

	
10.00




	
2.0 × 10−5

	
15.66

	
2.02

	
7.75

	
4.00

	
0.50

	
8.00




	
8.0 × 10−4

	
4.90

	
1.00

	
4.90

	
2.00

	
0.50

	
4.00
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Table 4. Investigated scenarios: For every scenario except “Local precipitation on TSE ditch”, a model with and without precipitation event was run. Due to varying travel times, the tracer-labelled period was adapted for scenarios Kup and Klow to create best comparability at locations of observation nodes 2 and 4, and flux line 3. Please note that abbreviation Alpha142 corresponds to a van-Genuchten shape parameter α of 0.0124 cm−1.
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	Scenario
	Abbreviation
	General Description





	Reference
	Ref
	General scenario based on Schöneck i.V.; isotropic; homogeneous



	Higher K value
	Kup
	Water-saturated hydraulic conductivity of native subsurface material increased from 2 × 10−5 m·s−1 to 8 × 10−4 m·s−1



	Lower K value
	Klow
	Water-saturated hydraulic conductivity of native subsurface material decreased from 2 × 10−5 m·s−1 to 5 × 10−6 m·s−1



	Anisotropy
	Aniso
	Water-saturated horizontal hydraulic conductivity of native subsurface material and gravel increased by a factor of 10



	Layered structure
	Lay
	Integration of layer of reduced permeability (Loam after Hydrus 2D/3D soil catalogue) at depth 2–3 m below precipitation water infiltration ditch



	Low Alpha value (van Genuchten model)
	Alpha142

Alpha62
	Consideration of strong lateral water movement by a small van-Genuchten retention function shape parameter α of 0.0124 cm−1 and 0.0062 cm−1 instead of 0.124 cm−1 for native subsurface material, respectively



	Higher groundwater table
	GWup
	Change groundwater table altitude from 5 m to 4 m below precipitation water infiltration ditch



	Lower groundwater table
	GWlow
	Change groundwater table altitude from 5 m to 6 m below precipitation water infiltration ditch



	Local precipitation on TSE ditch
	RainTSE
	Precipitation water is infiltrated to TSE ditch (i.e., direct precipitation infiltration with respect to TSE ditch area)



	No hydraulic barrier
	NoBar
	Removal of vertical hydraulic barrier between both infiltration ditches; gravel assumed



	Natural hydraulic barrier
	BarD40

BarD80

BarD160
	Distance between both infiltration ditches increased to 0.4 m, 0.8 m and 1.6 m, respectively; native subsurface material assumed



	Stepped infiltration ditches
	Step

Step2
	Precipitation infiltration is located 1.25 m and 2.5 m deeper as compared to reference case; hydraulic barrier is fixed for 2.5 m from the top of TSE infiltration ditch
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