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new buildings must meet to be considered as low-energy or passive. For these buildings, an EA-HE is perfect to reduce energy consumption of ventilation systems [START_REF] Ascione | Earth-to-air heat exchanger for NZEB in Mediterranean climate[END_REF][START_REF] Thiers | Thermal and environmental assessment of a passive building equipped with an earth-to-air heat exchanger in France[END_REF].

Conception of these systems depends mainly on climatic and environmental conditions. Indeed, these affect the energy performance of horizontal heat exchanger systems [START_REF] Li | Experimental study of a ground sink direct cooling system in cold areas[END_REF]. Concerning environmental conditions of the EAHE's pipe, the surrounding soil texture has a significant effect on soil thermal diffusivity. A Change of soil type, from rather sandy to rather clayey soil results in a decrease of soil thermal diffusivity by 47 %, from 0.84 to 0.40 mm².s -1 . For oceanic climates, soil temperature decreases by about 2 °C at a depth of 1 m for clayey soil compared to that of sandy soil [START_REF] Chalhoub | A simple heat and moisture transfer model to predict ground temperature for shallow ground heat exchangers[END_REF]. Moreover, atmosphere-soil interactions such as air outside temperature, atmospheric pressure, wind speed, solar radiation, cloud cover and rain precipitation play an important role in the estimation of the EAHE's energy performance. In the case where soilatmosphere interaction is neglected, the EAHE's energy performance is over-evaluated independent of seasons and heat exchange between the exchanger and the soil is over-quantified [START_REF] Gan | Simulation of dynamic interactions of the earth-air heat exchanger with soil and atmosphere for preheating of ventilation air[END_REF].

In addition, outlet air temperature must be evaluated when estimating energy performance. This depends, mainly, on two factors: outside air temperature and variation in the thermal conductivity of the soil. Thermal conductivity of the soil influences the energy potential of the EAHE for a given outside air temperature [START_REF] Sipio | Factors influencing the Thermal Efficiency of Horizontal Ground Heat Exchangers[END_REF]. Therefore, it is important to consider thermal properties of the soil to optimize energy performance.

The soil moisture content during a rainfall event increases energy performance. Infiltration of rainwater causes a temporary improvement in the amount of extracted heat by an exchanger due to an improvement in soil moisture content [START_REF] Mohamed | Effects of coolant flow rate, groundwater table fluctuations and infiltration of rainwater on the efficiency of heat recovery from near surface soil layers[END_REF]. When the soil is dry, the thermal properties of soil are decreased. The heat propagates more slowly in the soil. Thus, the temperature gradient in the vicinity of the heat exchanger is lower. The heat exchanges between the fluid of the exchanger and the ground are of lower quality [START_REF] Balghouthi | Experimental investigation of thermal and moisture behaviors of wet and dry soils with buried capillary heating system[END_REF]. The surrounding soil moisture content of an exchanger impacts the heat exchange between this soil and the exchanger [START_REF] Gan | Simulation of dynamic interactions of the earth-air heat exchanger with soil and atmosphere for preheating of ventilation air[END_REF][START_REF] Go | A new performance evaluation algorithm for horizontal GCHPs (ground coupled heat pump systems) that considers rainfall infiltration[END_REF]. For example, a waterground exchanger extracts 20 Wh.m -1 of heat in a soil with a moisture content of 22 %. If moisture content is increased to 30 % then the increase of energy extracted by the exchanger is about 10 % [START_REF] Gan | Dynamic thermal simulation of horizontal ground heat exchangers for renewable heating and ventilation of buildings[END_REF]. Another example being for an EAHE with a pipe length of 30 m in a hot and arid climate: its coefficient of performance can increase by 24 % for a moisture content of 20 % compared to that of a dry system [START_REF] Agrawal | Experimental study to investigate the effect of water impregnation on thermal performance of earth air tunnel heat exchanger for summer cooling in hot and arid climate[END_REF]. Leong [START_REF] Leong | Effect of soil type and moisture content on ground heat pump performance[END_REF] states that a moisture content saturation of over 25 % gives significantly improved energy performance. Leong concludes that the degree of saturation has a short influence on an exchanger's energy performance when the degree of saturation exceeds 50 %. Moreover, it has been demonstrated in [START_REF] Cuny | Influence of coating soil types on the energy of earth-air heat exchanger[END_REF] that it is possible to increase the moisture content of the soil around an exchanger to increase an exchanger's energy performance.

Furthermore, the measurement of thermal conductivity during a cycle of drying and wetting indicates that thermal conductivity depends on the moisture content of the soil [START_REF] Sipio | Factors influencing the Thermal Efficiency of Horizontal Ground Heat Exchangers[END_REF]. Under high moisture content conditions, it is necessary to consider moisture-dependent variation in thermal conductivity [START_REF] Go | A new performance evaluation algorithm for horizontal GCHPs (ground coupled heat pump systems) that considers rainfall infiltration[END_REF]. However, the variability of a soil's thermal conductivity may be significant and problematic for an appropriate estimate. For example, in Indiana (USA), the fluctuation of thermal conductivity was 27 % [START_REF] Naylor | Spatiotemporal variability of ground thermal properties in glacial sediments and implications for horizontal ground heat exchanger design[END_REF]. An adequate representation of moisture content is necessary for an accurate prediction of numerical results [START_REF] Gao | Thermal performance improvement of a horizontal ground coupled heat exchanger by rainwater harvest[END_REF]. Richards's equation [17; 18] describes water transfers within unsaturated soils. This equation derives from the application of massive conservation equations and the assumption of non-deformability [START_REF] Delage | L'eau dans les sols non saturés[END_REF]. The resolution of water infiltration models in a homogeneous ground is made numerically. However, the difficulty lies in the knowledge of hydric parameters and their characterization of unsaturated soil as defined by Van Genuchten [START_REF] Van Genuchten | A closed-form equation for predicting the hydraulic conductivity of unsaturated soils[END_REF]. For a multilayered ground, water infiltration is more complicated. In this context, an experimental setup is realized for a multilayered soil. It allows the measuring of the vertical profile of soil moisture content which is subjected to a rainfall event. It is instrumented using soil moisture sensors at different depths. A rainfall simulator is developed to simulate a rainfall event based on intensity and duration.

Unlike the previous article [START_REF] Cuny | Influence of coating soil types on the energy of earth-air heat exchanger[END_REF], which studied the impact of moisture content, the current study focuses on the impact of real rainfall events. This study is separated into two distinct stages. The first part is to study the moisture content evolution of a multi-layered soil under different rain precipitations. On the experimental site of the full scale heat exchanger, a single probe rec-orded the soil moisture content at the depth of the exchanger. For this reason, it is not possible to know the evolution of soil moisture content between the field surface and the depth of the exchanger or the impact of rain precipitation on the EAHE. An experimental setup has been developed to study water infiltration in the soil under rainfall. The precipitation conditions were derived from a statistical analysis of meteorological data. The second part of the study is to assess the improved energy performance under rainfall events. By using the experimental results in a validated EAHE numerical model, the considered rainfall events were simulated over summer and over winter. The numerical results are compared with reference cases without rainfall. Several vertical moisture content profiles are obtained under different rainfall events. These are applied to a 2D numerical model of the EAHE over a summer period and a winter period. From the numerical results, the effects of different rainfall events are studied. Based on these comparisons, the impact of one single continuous rainfall event is discussed at the end.

Presentation of the geothermal platform

The geothermal platform used to carry out the experiments is located on site at the I.U.T. Robert Schuman, University of Strasbourg, France. This platform was installed in September 2012. The EAHE is divided into three parts with different types of the surrounding soil. Each part is associated with a section numbered from 1 to 3, respectively: sand; a mix between sand and bentonite (3 %); and natural soil backfill composed of gravel-clay mixture (see Figure 1). The installation of a pipe system requires a regular slope of 2 %. This slope of 2 % is imposed to prevent the stagnation of water in the pipe otherwise this could lead to a proliferation of bacteria and potentially lead to the intoxication of the air circulating inside the pipe. Thus, the pipe's depth increases with its length (see Table 1). Sensors were placed in three vertical sections. These sections are located in the three different surrounding soils as shown in Figure 1. In each section the soil temperature, air temperature inside the pipe and soil moisture content are measured. Six temperature sensors (PT100) are present in each section (see Figure 2). These sensors provide temperature values with an uncertainty of 0.1 °C. The air temperature inside the pipe is measured at five different locations: at the input of the pipe, at vertical sections from 1 to 3, and at the output of the pipe. Further, air velocity is controlled by a fan at the outlet of the exchanger. This fan keeps the air velocity constant during temperature recording. The uncertainty on air velocity is 0.2 m.s -1 . For each section, a TRIME©-pico64 sensor type of TDR (time domain reflectometry) measures the moisture content of the surrounding soil. It is located between the surrounding soil and stabilizing sand as represented in In this site, soil moisture content variability is more important for the surrounding soil composed of sand than for the others. For example, for the year 2014, soil moisture content varies from 8 % to 18 % for sand, from 8 % to 16 % for natural soil backfill and it keeps constant at around 19 % for sand-bentonite [START_REF] Cuny | Influence of coating soil types on the energy of earth-air heat exchanger[END_REF]. Thus, climatic conditions (especially rainfall) impact the surrounding soil composed of sand and it is the most variable. Hence, it is of greater interest to the study.

Research methodology

This part highlights the applied research methodology in this study. It is separated into two distinct steps.

The first step is an experimental study of soil moisture content's evolution under rainfall events for the case of the EAHE. This step consists of determining the rainfall conditions by analyzing the precipitation data from a weather station. Then, these rainfall conditions are imposed for experimental tests developed in the laboratory. The experimental tests determine the vertical profile of soil moisture content and its variation over time. The soil's composition is identical to that in the EAHE's experimental site as shown in Figure 2.

The second step is a numerical study to assess the EAHE's energy performance in the previous rainfall conditions. Rainfall conditions are applied to the numerical model by using the evolution of the soil thermal properties corresponding to the variation of the measured soil moisture content. This second part explains the impact of a rainfall event on the EAHE's energy performance.

Rainfall infiltration experiment test

This section presents the different points for the experimental step. The purpose is to measure and enrich the soil moisture content data for the case of an EAHE.

Presentation of the experiment setup

The experimental setup is shown in Figure 3. It consists of a soil container, a rain simulator, sensors and a data logger. It is designed to achieve two objectives.

First, it measures the vertical profile of soil moisture content. The depth of the container corresponds to the buried depth of an EAHE. The soil container was manufactured with internal dimensions of 0.60 m × 0.30 m × 1.40 m (length × width × height). The wood is covered with a plastic film to prevent humidification of the wood. Soil moisture content is measured over 6 levels (L) to obtain a vertical profile. The sensors are placed at the center of each level. Soil moisture sensors are SM100 WATERSCOUT® capacitive probes. The uncertainty of the sensors is 1 %.

Secondly, the experimental setup simulates rainfall conditions. A rain simulator is fixed at the top of the soil container. This system consists of a horizontal Plexiglas® plate. It comprises of orifices variable in number and in diameter. The water arrives at a pump in the rainfall simulator. A control system regulates rainfall event conditions such as the intensity and duration of the rainfall. Figure 3 : Presentation of the experimental setup with soil container, rain simulator and soil moisture sensors at different levels (Li).

The soil container was filled with four soil layers corresponding to the experimental EAHE. 

Determination of rainfall conditions

Precipitation conditions are determined by statistical analysis. An Intensity-Time-Frequency (ITF) curve was drawn in Figure 5 to characterize rainfall events at one site [START_REF]Direction de l'Aménagement du Logement et de la Nature, Conditions pluviométriques locales[END_REF]. This ITF curve describes the evolution of mean precipitation intensity i [mm.h -1 ] and cumulative precipitation H

[mm]. These parameters are expressed as a function of the duration of the rainfall events t [h].

The data which was used is the hourly rainfall from 2006 to 2016. This data comes from the Strasbourg-Entzheim weather station (n ° 67124001). This station is located at 10 km far from the geothermal platform.

As shown ITF curve, the average intensity of rainfall is 5 mm.h -1 for the hour-long rainfall events. It is 0.5 mm.h -1 for those which take 24 hours. According to the cumulative precipitation curve H [mm], intense rainfalls give low cumulative rainfall over short periods unlike low intensity precipitation that results in higher cumulative precipitation over long periods of time.

The rainfall conditions to be applied are defined from an extreme rainfall event: rainfall intensity of 5 mm.h -1 and cumulative precipitation of 5 mm. For three-hour precipitation, they have an intensity of i = 2.5 mm.h -1 so 50 % less than that for a 1 hr rainfall. And cumulative precipitation is of H = 7.5 mm so 50 % more than that for a 1 hr rainfall. A cumulative precipitation of 2.5 mm has also been added to simulate rainfall events of less than 1 hr (not presented in recorded data)

To summarize, the rainfall conditions are identified by the green zone of Figure 5. These conditions are:

-rainfall intensity of 2.5 mm.hr -1 and 5.0 mm.hr -1 ; -precipitation of 2.5 mm, 5 mm and 7.5 mm have been chosen to simulate rainfall conditions. 

EAHE's numerical model

This section presents the numerical model to study the EAHE's energy performance with different precipitation conditions.

Presentation of the numerical model

The proposed and validated 2D numerical EAHE model in [START_REF] Cuny | Influence of coating soil types on the energy of earth-air heat exchanger[END_REF] has been extended to be used in this study. The purpose of the numerical study presented was to assess the long-term energy performance of an EAHE. This average constant soil moisture content has been considered. In the following case, the impact of rain precipitation on the moisture content of the surrounding soil occurs less than 24 hours after the rainfall event. To investigate the rainfall impact, the dynamic moisture content evolution of the surrounding soil has been added to the basic model. At each time step, the thermo-physical properties of the surrounding soil vary depending on soil moisture content. So at each time step, new thermo-physical properties of the surrounding soil are affected in the model.

The general algorithm of the EAHE's numerical model can be found in Figure 6. This algorithm is based on the calculation algorithm used by Trombe and Bourret [START_REF] Trombe | Contrat puits provençal -Expérimentation de l'INSA[END_REF] to determine air outlet temperature , , but enriched by a numerical resolution of the 2D soil temperature field. The main assumption of this algorithm is that the temperature at the ground's surface can be considered as constant when the air passes through the whole length of the pipe. Indeed, the duration used by the air to pass through the exchanger is only a few seconds. This duration is very short compared with the variation rate of the outdoor air temperature.

The state of the EAHE is obtained from two distinct but imbricated algorithms. The first aims at determining the temperature field in the soil (denoted ) at time , given the temperature at the ground's surface ( ). The temperature at the ground's surface is from measurements of the outside temperature in the geothermal platform. The second algorithm aims at calculating (at constant ) the heat exchange between the air flowing inside the exchanger and the ground, over its entire length in order to deduce the air outlet temperature. The next two sections are devoted to a more precise description of these two computing steps. The 2D temperature field in the vertical cross section is obtained by solving the heat equation using the Code_Aster® finite element software. The mesh of the cross section is made up of three-node triangle elements. The mesh is refined around the pipe to improve calculation accuracy (see Figure 8). Element size becomes larger when close to the bottom as heat transfer gradient is less important. The following boundary conditions have been considered:

Tsurf : temperature at ground surface is given on the upper boundary;

Tair: air temperature is given inside the pipe;

Tgeothermal: constant in time, geothermal temperature is given on the bottom boundary;

φleft and φright: thermal flow on the lateral boundaries are assumed to be null;

In our study, in order to consider an eventual heat flow from the bottom, a constant geothermal temperature Tgeothermal was put at a defined depth in the soil. It is independent of the outside air temperature. Its value is 14 °C. Its value was determined by using a calibration between the numerical model and the measurements of the soil temperature. The convective heat transfer between the pipe and the air is assumed to be governed by a constant convective coefficient ℎ .

The initial temperature field is obtained by a stationary calculation obtained with the value ( 0). Concerning the numerical aspects, the linear system giving the increment of nodal temperatures is obtained from an Euler-implicit scheme. The time increment corresponds to the interval between two measurements (20 minutes). 

Modeling of the air temperature inside the EAHE

The modeling of the air temperature in the exchanger is a complex problem to solve because it depends on many parameters [START_REF] Thiers | Thermal and environmental assessment of a passive building equipped with an earth-to-air heat exchanger in France[END_REF]: the outlet temperature, thermo-physical properties of soil and air, air velocity and exchanger geometry. These parameters characterize the heat transfer taking place in the soil between the ground and ventilated air in the exchanger. As previously suggested, heat transfer in the soil is rather slow compared to the circulation of air because of thermal damping soil and the frequency of thermal excitations at the soil's surface. For example, daily thermal excitations have an impact on the first 60 cm below the surface. For a very short duration, e.g. the time taken by air to browse the length of the exchanger, the temperature field in the soil can be considered as constant. Thus, this is considered to be the temperature along the pipe. Consequently, the thermal exchange between the pipe and air inside the pipe is calculated by the transient linear thermal 2D model described in the section 3.2.2. The latter is solved using the constant temperature of the ground's surface during the time corresponding to the distance crossed by the air flowing in the heat exchanger, as illustrated in Figure 9 (about 0.2 s). In the first vertical section, the air temperature at the inlet of the EAHE is imposed by the outside temperature which is measured on the site. To simplify the model, pressure losses are neglected, and air velocity is constant in time and over the entire length of the exchanger. Figure 9 : Principle of the method for calculating the air temperature of air leaving the EAHE.

Characteristic of exchanger

The position of the EAHE's pipe at the geothermal platform was used in the numerical simulation, see Figure 10. The pipe is buried to a depth of 65 cm. Its length is of 30 m. Its radius is 10 cm. Air circulating in the exchanger is imposed by a fan. Air velocity is of 4.0 m.s -1 . Soil composition is identical to that used in the experimental setup. 

The thermo-physical characteristics of soils

The thermo-physical properties of soils -conductivity, density and the specific heat allowing the calculation of the thermal diffusivity -are identified using different methods: experimental measurements; literature values; and identification. The value of the top soil is measured by using KD2Pro®. The thermal diffusivity of the pipe was obtained from the supplier of the technical. Concerning the natural backfill soil, this soil is considered uniform in the model but in reality is not the case. Thermal diffusivity is obtained by using a calibration between the model and measurements. The fit, of least squares, is obtained by using the well-known Levenberg-Marquardt method. Finally, the entire set of diffusivity values of the different materials is summarized in Table 2. Moreover, thermal properties of the surrounding soil play a primary role in the heat transfers.

Thus, soil water moisture content evolution following rainfall events was applied only to the surrounding soil in the numerical simulations.

Thermal conductivity and volumetric heat capacity of the surrounding soil (sand) depend on soil moisture content. Thermo-physical characteristics were measured by using KD2Pro®, see 

Analysis method for numerical results

To create the link between the moisture content profile variability of the surrounding soil and the energy performance of an EAHE, a 2D finite element numerical model is used. From this model, different moisture content profiles, obtained experimentally, are applied to the EAHE.

From the numerical results, air temperature in the inlet and in the outlet, of the EAHE, are known. Under the assumption of a constant heat capacity of air over the simulation period, power exchanged between the ground and air flowing in the exchanger is determined by equation (1). Energy performance is evaluated by using the following relation [START_REF] Ascione | Earth-to-air heat exchanger for NZEB in Mediterranean climate[END_REF].
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If > 0 ( < 0, respectively) energy is qualified "heating energy" / (cooling energy 0 , respectively).

To highlight power or energy differences according to rainfall scenarios, exchanged power of a test No i is subtracted from that of the reference case at each instant t and exchanged energy of a test is compared with that of the reference case. Differential power and differential energy are defined respectively by equations ( 3) and ( 4). = × 100 % (4)
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Results and discussion

Experimental test results

Table 3 shows different rainfall conditions which have been used during the rainfall infiltration tests. Test 0 consists in humidifying different soil layers which were generally dry before testing. This test ensures the same initial soil moisture state for the following tests.

Tests 1 to 6 have been performed to simulate two rainfall intensities (2.5 mm.h -1 and 5.0 mm.h -1 ) and three cumulated precipitations (2.5 mm, 5 mm and 7.5 mm). For each test, the defined rainfall condition was applied. Data acquisition continued until the soil moisture content at different layers returned to the initial values. By doing this, an identical initial soil moisture state was ensured before every test. First, water infiltration phenomena are visible: a phase shift in soil moisture time depending on depth. The time to reach maximum moisture content does increase with depth. At a depth of 980 mm, maximum soil moisture is reached after 1 hour, while at a depth of 50 mm, it occurs almost 20 minutes after the onset of the rainfall event. Phase shifts for the same depth are of the same order depending on rainfall conditions. Moreover, variation in moisture content differs according to soil type and depth. At a depth of 50 mm (for top soil), in a steady state, soil moisture is 13 %. Under rainfall conditions (transient state) moisture content increases up to 16 % which is equivalent to its saturation state in water. Soil moisture variations during the tests is of the order of 3 %. For the surrounding soil at a depth of 215 mm, it is only 2 %. In the case of sand at a depth of 440 and 640 mm, moisture content variation is of 13 %, between the permanent state and transient state. The value of maximum moisture content is identical for each depth. However, this variation decreases when the sand-land interface is approached at 840 mm. Indeed, at this depth soil moisture variation is only 3 %. In the case of soil backfill at a depth of 980 mm, one short variation is visible at around 3 %. To conclude, the variation of moisture content with time depends on the type of soil layer.

These experimental tests highlight the evolution of the soil moisture content vertical profile with stratification similar to that of an EAHE. Precipitation conditions of tests 2 and 5 are framed, respectively, by tests 1/3 and 4/6. They are not taken into account in the energy computations.

Results of the EAHE's numerical simulation

An EAHE is used either to heat outside air or to cool incoming air. It seems of particular interest to study two extreme periods which correspond to the hottest period (summer case) and the coldest period (winter case).

On the geothermal platform, a temperature probe provides information on outside temperature from September 2012 until November 2017, see Figure 13. Based on this data, two periods have been defined of about one week (168 hours):

• summer case: from June 30 th to July 8 th 2015;

• winter case: from February 2 nd to February 9 th 2017.

It should be noted that the outside air temperature is above 0 °C during the selected period in winter. This condition has been imposed to guarantee the liquid form of the precipitation that conforms to the rainfall conditions of the experimental tests.

The time between two numerical simulation instants is 20 minutes. This corresponds to the time interval between two measurements of the outlet air temperature. Based on the experimental results, different soil moisture contents of each layer are applied for different computing instants.

To see the differences for each rainfall scenario, power and energy exchanges are calculated when a difference occurs between inlet air temperature and outlet air temperature. In the summer case, only cooling power and energy are calculated when outlet air temperature is less than inlet air temperature. In the winter case, only heating power and energy are calculated when outlet air temperature is greater than inlet air temperature,

The impact of a rainfall event on energy exchanges between EAHE and ground is noticeable at the beginning of a rainfall event until it returns to its initial hydraulic state. The surrounding soil moisture varies from 15 to 25 kg.kg -1 , which is a variation of approximately 65 %. There is a difference between inlet and outlet air temperature. This difference in outlet air temperatures, in different cases, does not exceed 0.5 °C. This difference is indicated by a dashed red circle in Figure 14. This period corresponds to a period in which the vertical profile of each test is applied. This period is named "study period" in Figure 14. It is this period which is studied with the analysis of the EAHE's energy performance (as presented in 3.2.6). Figure 15 illustrates the energy exchanged between the exchanger and the ground over a study period (from 48 h to 96 h). Cooling power varies from 0 to 400 W.

The top graph (cooling power) corresponds to the absolute power recovered by the exchanger over time. The air temperature difference between the outlet and the inlet of the EAHE is analyzed. In the summer case, the soil temperature is colder than the ventilated air temperature. A higher cooling power results in a decrease in the outlet air temperature. Concerning air-ground exchanges, the ventilated air is cooled by evacuating the heat towards the ground which is colder. When the soil is wet, the spread of heat is faster because the thermal conductivity of the soil is greater. Ventilated (hot) air cools faster. The exchanged power is therefore greater.

Two peaks are observed in this figure. They are a result of the difference between outside air temperature and the soil temperature at the depth of the exchanger. This difference increases in the daytime and decreases in the night time. The impact of rainfall events on the soil moisture occurs essentially for the first 48 hours after rainfall. The greater the temperature difference between ambient air and surrounding soil, the greater the impact of rainfall on the EAHE's energy performance. The first peak at t = 50 hrs is greater than at t = 70 hrs because the soil is wetter and so has greater thermal conductivity. In addition, after t = 90 hrs, there is no power difference between each test because the moisture content is almost identical. Moreover, in Figure 15, some periods where the exchanged energy is zero are observed. This happened when the ground temperature was close to or greater than the outside air temperature, and the EAHE was by-passed so as to not heat the inlet air. Throughout rainfall event time, an energy difference of about 2 % is noted. Rainfall's cumulated precipitation has more influence than its intensity on the EAHE's energy enhancement. In Figure 15, the maximum power difference is 10 % between different rainfall conditions. Moreover, by comparing Figure 15 with Figure 14, it can be observed that the applied moisture content profile corresponds to the exchanged energies. For example, the test No. 6 has the highest moisture content for the first hours in Figure 14. In terms of energy, the test No. 6 has also the highest power (see the bottom graph of Figure 15) and the greatest energy (see the bottom graph of the Figure 15) during the first hours. 

The winter case

The second simulation period concerns the summer case from February 2 nd to 9 th 2017. Soil moisture of the surrounding soil, inlet air temperature and outlet air temperature are shown in Figure 17. Rainfall conditions for each test are applied at time t = 40 hrs, so at 4 am on February 4 th . As in case of summer, the impact of a rainfall event on energy exchanges between the EAHE and ground is noticeable over the study period. The temperature difference between each test is very small (indicated by dashed red circle in Figure 17). It is this period which is studied with the analysis of the EAHE's energy performance (as presented in 3.2.6). The bottom graph (heating power) corresponds to the absolute power recovered by the exchanger over time. In the winter case, the soil temperature is greater than the ventilated air temperature. A higher heating power results in an increased in the air temperature of the outlet. Concerning air-ground exchanges, it is the ventilated air which is heated by the ground. When the soil is wet, the spread of heat is faster because the thermal conductivity of the soil is greater.

Ventilated (cold) air heats faster. The power exchanged is therefore greater.

The bottom graph of Figure 18 highlights the heat power deviations from the reference case without rainfall. Two peaks are seen during the winter case. These peaks occur due to the temperature difference between the outside air and the soil. Unlike the summer case, this tempera-ture difference is minor. Differential power is at a maximum of 7 W. The first peak at t = 43 hrs is greater than that at t = 66 hrs because the soil is wetter (higher thermal conductivity). In addition, at t = 82 hrs, there is not power difference between each test because the moisture content is identical.

Figure 18 : Evolution of heating power (top graph) and heating power differential (bottom graph) of study period for the winter case. 

Discussions

The numerical results show an energy gain of more than 4 % during the first 24 hours after a rainfall event and about 2 % during the following 24 hours. The energy performance is similar between the studied case in summer and that in winter. When the soil reaches its maximum moisture of about 25 kg.kg -1 , power exchanged between the ground and the EAHE can be increased by 20 W (over 350 W) in summer and 7 W (over 150 W) in winter equivalent to an increase in energy performance temporary of 4.5 %. In terms of energy, gained energy is of the order of 150 Wh in summer (over 8 kW) and 50 Wh in winter (over 2.4 kW). The gained energy is different because the temperature difference between the ground and the outside air is lower in winter than in summer.

In this numerical study, the EAHE's energy performance is directly related to the surrounding soil moisture. In the case, where no variation is found, the EAHE's energy performance is similar. During the study, rain precipitation causes a variation in the surrounding soil moisture of about 65 % and its performance varies between 2 and 4.5 % depending on the elapsed time. The impact of a local rainfall event on the EAHE's energy performance can be confirmed. About rainfall scenarios, numerical results show that heat exchanges are similar for each rainfall scenario. Rainfall intensity has not a significant impact on the EAHE's energy gain. This is due to the insignificant impact of the rainfall intensity on the moisture variation of the soil at the exchanger's depth, observed from the experimental results. Rainfall cumulated precipitation has more influence than rainfall intensity on the EAHE's energy enhancement. During the first hours of the summer case, the maximum energy difference is 10 % between each different intensity tests. Generally, it is noticed that the increase of soil moisture content can enhance the EAHE's energy performance.

Moreover, the impact of a rainfall event depends on the depth of the EAHE's pipe. The greater pipe's depth, the lesser the impact of the rainfall event. In this numerical study, the exchanger was at a depth of 65 cm and the experimental tests highlighted a very important variability in moisture soil (between 15 and 25 kg.kg -1 ). At a depth of 84 cm, soil moisture varies between 23 and 25 kg.kg -1 . It is almost constant in time and is close to its saturation state. This condition seems ideal for maximizing energy performance of an EAHE.

Conclusions

This paper presents a study on the sensitivity of the energy performance of the EAHE to one single local rainfall event during rainy seasons. The vertical profile of moisture content is measured using an experimental setup at laboratory scale. This experimental setup simulates different rainfalls varying intensity and time duration. It is also instrumented by soil moisture sensors at different depths. This experimental test setup was designed and developed at ICube. Experimental results show that the variation in soil moisture content differs according to soil type, depth and rainfall scenario.
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 5 Figure 5 : Graphical representation of the Intensity-Time-Frequency curve obtained from data from the Strasbourg-Entzheim weather station from 2006 to 2016.
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 1111 Figure 11. Between each measurement point, thermal properties values of fine sand are obtained
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 11 Figure 11 : Thermal conductivity and thermal capacity evolution of fine sand according to its moisture content.

  ) where ( ) is the power of the heat exchange at each moment in time t, represents flowing air speed, # represents the inner radius of the exchanger pipe, , represents the heat capacity of air, , # represents inlet air temperature and , represents outlet air temperature.

  are shown in Figure12. Rainfall intensity is plotted, as well as soil moisture content, for each measured depth.

Figure 12 :

 12 Evolution of soil moisture content under different rainfall scenarios.356Analysis of the results provides information on the variability of soil moisture content for different intensities and rainfall times.

Figure 14 :

 14 Figure 14 : Top graph: evolution of soil moisture content. Bottom graph: evolution of inlet air temperature (green dashed line) and outlet air temperature (solid line). Both graphs concern the summer case.

Figure 15 :

 15 Figure 15 : Evolution of cooling power (top graph) and cooling power differential (bottom graph) of study period for the summer case.

Figure 16

 16 Figure 16 summarizes the energy exchanged between the ground and EAHE during

Figure 16 :

 16 Figure 16 : Cooling energy differential evolution of the EAHE during the rainfall event for the summer case.

Figure 17 :

 17 Figure 17 : Top graph: evolution of soil moisture content. Bottom graph: evolution of inlet air temperature (green dashed line) and outlet air temperature (solid line). Both graphs concern the winter case.

Figure 18

 18 Figure 18 presents differential heating power compared to a scenario without rainfall over a

Figure 19

 19 Figure 19 quantifies the energy exchanged between the ground and the EAHE for the study

Figure 19 :

 19 Figure 19 : Heating energy differential evolution of the EAHE during 48 hours following rainfall an event for the winter case.

  

  

Table 1 :

 1 Characteristics of EAHE portions and their vertical sections.

	EAHE portion	Numeration of the associated vertical section	Depth [m]	Length of the exchanger [m]
	Sand	1	0.73 ± 0.02	10.40 ± 0.01
	Sand & bentonite (sand-bent)	2	0.92 ± 0.02	10.40 ± 0.01

Table 2 :

 2 Thermal diffusivity [mm 2 .s -1 ] of the different materials.

		Thermal diffusivity [mm².s -1 ]
	Top soil	0.58 ± 0.06
	Fine sand	0.63 ± 0.08
	Natural soil backfill	0.72 ± 0.04
	Pipe	0.28 ± 0.01

Table 3 :

 3 Summary of the different precipitation scenarios of the test campaign.

	Test No.	Rain precipitation	Rainfall intensity [mm.h -1 ]	Rainfall duration	Cumulated precipita-tion [mm]
	0	initialization of soil mois-ture content	2.5 ± 0.1	3.0 hrs	7.5 ± 0.1
	1	short	2.5 ± 0.1	1.0 hr	2.5 ± 0.1
	2	moderate	2.5 ± 0.		
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The summer case

The first simulation period concerns the summer case from June 30 th to July 8 th 2015. The soil moisture of the surrounding soil, inlet air temperature and outlet air temperature are shown in Figure 14. Rain precipitation conditions for each test are applied at t = 48 hrs, so at 12 am on July 2 nd .

The measured variations in soil moisture contents are used to model the experimental EAHE.

Two periods with significant rainfall, in summer and in winter, have been used for the simulations. The numerical results show an energy enhancement from rainfall events. In both cases, summer and winter, energy performance of the EAHE increases by 4 % during the first 24 hours after the beginning of the rainfall event. It is about 2 % after a further 24 hours. When the soil reaches its maximum level of moisture approximately 25 kg.kg -1 , the exchanged power between the ground and the exchanger increased by approximately 6 % over the summer period and approximately 5 % over the winter period. During the period studied, rain precipitation caused a variation in the surrounding soil moisture of approximately 65 %. Its energy performance varies between 2 and 4.5 % depending on the time elapsed. Furthermore, it has been observed that rainfall intensity has little impact on the EAHE's energy performance. However, cumulated rain precipitation has greater influence than rainfall intensity on the EAHE's energy performance. This increase of energy performance is not negligible compared to the enhancement of the energy performance when the soil moisture content is at its maximum. For the same type of surrounding soil, the energy of the EAHE can reach 16 %.

The present study confirms energy improvement by rainfall events on an EAHE. This energy gain comes from the increase of soil moisture after rainfall. Further research work can be carried out to assess the rainfall's impact over other periods such as dry periods. Experimental results from the rainfall tests can also be applied to other horizontal geothermal systems.