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The Earth-Air Heat Exchanger (EAHE) is an energy system able to preheat or to cool a building using air ventilation. The coupling between the earth-air heat exchanger, the Heat Recovery Ventilation (HRV), the bypass and the building is modeled. System inputs correspond to sizing parameters and to meteorological data for several French climate zones. System outputs are composed of two energetic criteria and one economic criterion. A sensitivity analysis is performed to select the most significant variables. For the selected regulation and design parameters, tube radius, tube length, burial depth, air renewal and regulation temperature are the most influential variables. A multi-criteria optimization study is then carried out to determine the Pareto front. The objectives do not evolve in the same trend because when the coefficient of performance increases, the cost of recovered energy increases and the fraction of renewable energy decreases. A multiple-criteria decision making method is finally applied to select the optimal sizing and regulation. The results show that even if the system depends on weather conditions, the system achieves high energy performance for the different French climatic zones.

Introduction

In recent decades, our energy consumption has increased very quickly. The global warming has already occurred for a number of years, will accelerate environmental impacts. In France, the law relating to the "energy transition for green growth" of 2015 plans to increase the share of renewable energies by 32 % in 2030 and to reduce energy consumption by 50 % in 2050 compared to the energy balances of 2012 [START_REF]Ministry of ecological and solidarity transition[END_REF]. The residential sector represents 40 % of the total energy consumed in France [START_REF]Ministry of the environment, the energy and the sea[END_REF]. In terms of energy use, heating corresponds to 68 % of the energy consumed in the residential sector [START_REF]Statistical data and studies: for climate change, energy, environment, housing, and transport[END_REF]. It is therefore important to reduce our energy consumption in this sector. One possible solution is to use Earth-Air Heat Exchanger (EAHE) based on renewable energies. However, the system sizing is difficult to carry out. This is why it is necessary to implement sensitivity analysis and optimization tools to find the optimal sizing and regulation. This optimal solution can be used for such a system setup. Many energy systems can produce both heating and cooling. The first ones correspond to hybrid systems using one or several energy sources. They are composed of several components that can produce both types of needs. Milan et al. [START_REF] Milan | Modeling of nonlinear CHP efficiency curves in distributed energy systems[END_REF] a hybrid system using solar thermal panels, geothermal energy, fuel cells, natural gases and storage systems. Dorotic et al. [START_REF] Dorotić | Multi-objective optimization of district heating and cooling systems for a one-year time horizon[END_REF] studied a system of solar thermal collector, gas boiler, biomass, heat pumps and heat storage. These systems are generally effective but expensive, they are intended for large residential buildings or commercial buildings. It is also possible to satisfy heating and cooling needs for a single-family home by using only a heat pump coupled with a renewable energy source. Villarino et al. [START_REF] Villarino | Experimental and modelling analysis of an office building hvac system based in a ground-coupled heat pump and radiant floor[END_REF] used a borehole exchanger system coupled with a heat pump and a radiant floor. For the most unfavourable weather conditions, the results show that the system provides very satisfactory heating and cooling performance. Cuny et al. [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF] an optimization study of an earth-air heat exchanger and shows that the optimized system allows to achieve high energy performance for several French climates. The earth-air heat exchanger is a heating, ventilating and airconditioning system. The EAHE uses renewable energy for air renewal of a building. The outside air circulates through underground tubes to recover the soil energy in order to preheat or cool the building [START_REF] Thiers | Thermal and environmental assessment of a passive building equipped with an earth-to-air heat exchanger in France[END_REF]. The EAHE is suitable not only in summer and winter [START_REF] Yusof | Thermal analysis of earth-to-air heat exchanger using laboratory simulator[END_REF] but also for contrasting climates [START_REF] Fazlikhani | Numerical analysis of the efficiency of earth to air heat exchange systems in cold and hot-arid climates[END_REF]. In addition, the energy performance and the sizing are highly dependent on climatic conditions [START_REF] Li | Experimental study of a ground sink direct cooling system in cold areas[END_REF]. Coupling an EAHE with a Heat Recovery Ventilation (HRV) improves the global energy performance of the system: the Coefficient of Performance ( ) can reach 16.3 [START_REF] Li | Feasibility study on applications of an earth-air heat exchanger (EAHE) for preheating fresh air in severe cold regions[END_REF]. Indeed, the HRV recovers a quantity of energy lost due to the exhaust air ventilation in the building. The first objective is to examine the influence of the EAHE and HRV coupling on system performance. The second objective is to perform a sensitivity analysis, multi-criteria optimization and multi-criteria decision making procedure. The aim is to establish the optimal design parameters. A sensitivity analysis is applied to determine the most significant parameters. This study can be performed using a method that varies one parameter at a time [START_REF] Thiers | Modelisation thermique d'un echangeur air-sol pour le rafraichissement de batiments[END_REF], the factorial plan method [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF] or the Monte Carlo method [START_REF] Khabbaz | Contribution to the study of an earth to air heat exchanger for air cooling in hot and semi-arid climate of marrakech[END_REF]. This study makes it possible to obtain the impact of each parameter according to criteria. Khabbaz et al. [START_REF] Khabbaz | Contribution to the study of an earth to air heat exchanger for air cooling in hot and semi-arid climate of marrakech[END_REF] showed that tube length, tube diameter, burial depth and soil properties have a significant impact on the outlet air temperature of the exchanger. Moreover, the system sizing can be optimized by using multi-objective optimization methods such as genetic algorithms [START_REF] Kumar | A design optimization tool of earth-to-air heat exchanger using a genetic algorithm[END_REF] or particle swarm algorithms [START_REF] Beauchêne | The "smart thermogène grid ®": study of recycling, storage and redistribution potential of unavoidable and renewable en-ergies, optimization and management of a smart system which integrates all the energies that are available in the residential building[END_REF]. The main optimization parameters are: tube diameter, tube , tube configuration, burial depth, air velocity and soil properties [START_REF] Bordoloi | An intense review on the latest advancements of earth air heat exchangers[END_REF]. The objectives may be energy and economic nature such as the coefficient of performance and the Cost of Recovered Energy (CER) [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF]. The optimal sizing is obtained for a given tube length. Indeed, the temperature gradient of the air flowing through the exchanger and the ground temperature decreases but pressure losses increase [START_REF] Benhammou | Parametric study on thermal performance of earth-to-air heat exchanger used for cooling of buildings[END_REF]. The third objective is to apply this energy system and this optimization procedure for different French climates. This study takes into account five French climatic zones (H1a, H1b, H2b, H2c, H3), as shown by figure 1. Each climate has its own specificity. Indeed, France has generally a temperate climate but some regions have more or less warm climates in summer and more or less cold climates in winter. These different climates can be distinguished because of the Mediterranean Sea, the English Channel, the Atlantic Ocean, plains and mountains [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF]. The difference between the French climatic zones is based on meteorological data. Indeed, air temperature and ground temperature modelling vary for each climate [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF]. The meteorological data are taken from the thermal regulations (RT 2012) data [START_REF]Meteorological data of the thermal regulations (RT[END_REF].

This article presents a study of sensitivity analysis and multicriteria optimization of an EAHE for different French climates. In the section 2, a systemic approach is used to model the EAHE dynamically over a full year. The soil model simulates its thermal behaviour to determine the ground temperature profile as function of depth and time. The EAHE model extracts the air temperature profile along the exchanger. The HRV model calculates the temperature of the fresh air blown. The bypass model is the regulation system to select the most appropriate operating mode. The building model performs energy balances to determine energy demand and auxiliary energy. In the section 3, the sensitivity analysis and optimization study require several simulations to identify the most significant parameters in order to optimize the design and regulation parameters. Three criteria are taken into account: two energetic criteria (the fraction of renewable energy and the coefficient of performance) and one economic criterion (the cost of recovered energy). In the section 4, a multi-criteria optimization method is performed to determine the Pareto front using genetic algorithms. In the section 5, a multi-criteria decision-making study is carried out to select the optimal sizing for five French climatic zones.

Modeling description

Description of the global system

The energy system is composed of an earth-air heat exchanger, a heat recovery ventilation, a bypass and a building, illustrated by figure 2. System modelling and associated numerical resolution are explained in [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF] and [START_REF] Thiers | Thermal and environmental assessment of a passive building equipped with an earth-to-air heat exchanger in France[END_REF]. The EAHE is used to cool or to heat the ventilated air in a building. It is composed of a pipe buried in the ground at a depth . The buried tube is characterized by: length , radius and thickness . The air velocity flowing through the EAHE is set by a fan. The EAHE collects outdoor air, either to preheat it in winter because the ground temperature is warmer than the outside air temperature, or to cool it in summer (the opposite phenomenon). Moreover, depending on the operating mode, the HRV recovers a part of the energy lost from the exhaust air in order to heat the outlet air of the EAHE. The HRV is a house ventilation system that recovers a part of the energy lost due to ventilation. The HRV is composed of two fans to circulate the blown air at a given speed, one fan for the insuflation pipe and the other one fan for the exhaust pipe. Furthermore, the bypass is a valve system that changes the air direction. The bypass regulates four operating modes: the insufflated air can come from the outside air (0), or the EAHE outlet (1), or the HRV outlet (2) or the coupling of the EAHE and the HRV (3). Finally, the building is exposed to thermal losses due to walls. If the energy recovered by the insufflated air is not sufficient to supply thermal losses, an electrical auxiliary system compensates the lack of energy.

The earth-air heat exchanger model

The soil model, presented in [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF], allows to compute the soil temperature . Moreover, the EAHE model allows to obtain the outlet air temperature of the EAHE. The EAHE extracts the ambient air and passes it through the ground in order to preheat it in winter and cool it in summer. The tube is composed of several cylinders, illustrated by figure 3. At each time step and for each cylinder, the outlet air temperature for the cylinder is fixed as the new inlet air temperature for the cylinder +1. The power balance is given by:

̇ * = - * ( -) (1) 
with ̇ the mass flow rate and mass thermal capacity. The tube is implemented by its thermal conductance -, defined by:

1 - = 1 ℎ (2 Δ ) + 1 2 Δ ln + (2) 
with the thermal conductivity of the tube. ℎ is the convective exchange coefficient determined by the formulation in forced convection [START_REF] Ozisik | Heat Transfer: A basic approach[END_REF]:

ℎ = 0.036 2 * 0.8 1 3 * 2 Δ 0.055 (3) 
where

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ = 2 = (4) 
and are the Reynolds number and the Prandtl number, respectively.

is the air thermal conductivity and is the air dynamic viscosity. The pressure losses Δ are computed from [START_REF] Benhammou | Parametric study on thermal performance of earth-to-air heat exchanger used for cooling of buildings[END_REF]:

Δ = (1.82 log( ) -1.6) -2 2 + 2.6 2 2 (5) 
In addition, it is important to define the power consumed and recovered by the EAHE.

⎧ ⎪ ⎨ ⎪ ⎩ = 1 Δ ̇ = ̇ | | | - ℎ | | | (6) 
with the outside air temperature, ℎ the outlet air temperature of the exchanger and is the fan efficiency. ̇ is defined as a function of air speed , tube radius and .

̇ = 2 (7) 

The heat recovery ventilation model

The HRV makes it possible to ensure the air renewal inside a building, which inevitably involves an energy loss. In addition, the dual-flow system allows to recover a part of the lost heat thanks to heat exchanger. This energy saving preheats the fresh air in order to re-inject it into the building.

The HRV efficiency is defined by:

= ℎ - ℎ ℎ - ℎ ( 8 
)
with ℎ , ℎ the inlet and outlet fresh air temperatures of the HRV and ℎ the inlet exhaust air temperature of the HRV. The HRV supplies an air mass flow rate and to compensate pressure losses associated with HRV. Δ is modeled from the Darcy-Weisbach equation [START_REF] Asker | A review of non iterative friction factor correlations for the calculation of pressure drop in pipes[END_REF].

Δ = 2 * 2 2 (9) 
where is tube length and is tube radius. is the regular pressure losses coefficient computed by the Swamee-Jaim correlation [START_REF] Asker | A review of non iterative friction factor correlations for the calculation of pressure drop in pipes[END_REF] for a turbulent air flow or by the following function for a laminar air flow:

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ = 64 * -1 if ≤ 2000 = 0.25 log 2 3.7 + 5.74 0.9 2 otherwise (10) 
with the tube rugosity and the Reynolds number. An anti-freezing system is implemented to avoid the HRV deterioration. Indeed, if the fresh air temperature is negative then additional power must be provided to preheat the fresh air at a temperature of 0

• . - = ̇ | | | ℎ | | | (11) 
The power recovered by the HRV corresponds to the heat exchange between fresh air and exhaust air and the power consumed by the HRV comes from fans and the anti-freezing system, they are given by:

⎧ ⎪ ⎨ ⎪ ⎩ = 1 Δ ̇ + - = ̇ | | | ℎ - ℎ | | | (12) 

The bypass model

The bypass model is used to regulate one of the four operating modes of the system to avoid the use of electrical auxiliary energy. For the four operating modes, the air extraction system of the HRV is always activated in order to renew the air in the building. These four operating modes are defined by:

• For operating mode 0, the EAHE and the insuflation system of the HRV are not used, the outside air is inserted into the building;

• For operating mode 1, the insuflation system of the HRV is not activated, the outside air enters in the EAHE to recover the soil energy and then it is injected into the building;

• For operating mode 2, the EAHE does not work, the outside air enters in the HRV to recover the energy lost and then it is inserted into the building;

• For operating mode 3, the outside air enters in the EAHE and in the HRV to recover the soil energy and the energy lost. Then, the fresh air is injected into the building.

It is necessary to simulate the four regulation modes in order to select the operating mode that has the closest insuflation temperature to the regulation temperature . The system automatically regulates itself. Therefore, the insuflation temperature is equal to either the outside air temperature for mode 0, or the outlet air temperature of the EAHE for mode 1, or the temperature at the outlet of the HRV for mode 2, or the outlet air temperature of the coupling EAHE-HRV for mode 3.

The building model

In a house, the air must be constantly renewed to avoid the accumulation of pollutants that can be harmful to the health of the occupants. The minimum air renewal for a private house of = 450 3 requires a minimum volume flow rate of = 150 3 .ℎ -1 which corresponds to a minimum air renewal equal to = 0.35 ℎ -1 [START_REF]How much ventilation do i need in my home to improve indoor air quality?[END_REF][START_REF] Standard | 1, ventilation for acceptable indoor air quality[END_REF].

= = ̇ ( 13 
)
In addition, an annual meteorological data is used for several French climate zones [START_REF]Meteorological data of the thermal regulations (RT[END_REF]. It is composed of the out-side air temperature and the average outside air temperature over twenty-four hours . The building air temperature is modeled by , which allows to simulate the building's inertia [START_REF] Launay | Analysis strategy for multi-criteria optimization: Application to inter-seasonal solar heat storage for residential building needs[END_REF]. The building temperature is finally obtained by truncation between [START_REF]Meteorological data of the thermal regulations (RT[END_REF][START_REF] Consortium | Openmodelica[END_REF] • because the should be heated to 19 • in winter and cooled to 26 • in summer. Moreover, thermal losses due to ventilation are implemented by:

= ̇ | | | - | | | (14) 
with the insuflation temperature of the fresh air into the building. The power demand corresponds to the thermal losses due to the walls, it is defined according to the thermal transfer coefficient and the building surface .

= | | | - | | | (15) 
Finally, a heat balance is carried out to determine the auxiliary energy. It corresponds to the sum of the demand power, the power consumed by fans, the heat losses minus the power recovered by the system.

= + + + - - (16) 
The coupling of the models has been validated in [START_REF] Thiers | Thermal and environmental assessment of a passive building equipped with an earth-to-air heat exchanger in France[END_REF]. The authors show that the results obtained between the model and the experiments coincide. In [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF], the EAHE model was compared with experimental data of an EAHE installed on the IUT Robert Schuman geothermal platform. Cuny et al. [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF] has shown that the relative average error over the full year is 5.7 %.

Simulation of the reference case

The reference case corresponds to the sizing of an experimental EAHE [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF]. The simulation is performed using the OpenModelica software [START_REF] Consortium | Openmodelica[END_REF] and the algorithm applied is the 4 ℎ order Runge-Kutta. The simulation is carried out for a ten minutes time step during a full year and for the French climatic zone H3 (south of France).

The reference parameters are listed in table 1. First, the program collects weather data and input parameters. Then, the four operating modes are considered to determine the temperature of the fresh air insufflated into the building for each case. Thus, the model chooses the operating mode that has the temperature closest to the regulation temperature, which reduces auxiliary energy. Finally, energy balances and criteria are computed. Figure 4 (top) shows temperatures for the different operating modes during one year. During the winter season, the HRV and the coupling EAHE-HRV is the most appropriate because the corresponding mode gives the strongest temperature. However, the insuflation temperature is less than 19

• , as a consequence, it is necessary to provide electrical auxiliary energy. During the summer season, the EAHE is suited to the demand because the insuflation temperature is The blue curve is the outside temperature (mode 0), the red curve corresponds to the outlet air temperature from the EAHE (mode 1), the green curve is associated with the outlet air temperature from the HRV (mode 2) and the black curve exhibits the outlet air temperature from the coupling EAHE and HRV (mode 3). The pink curve is the regulation temperature set at 21 • and the orange curve is the building temperature. The yellow curve is the insuflation temperature in the building.

often between [START_REF]Meteorological data of the thermal regulations (RT[END_REF][START_REF] Consortium | Openmodelica[END_REF] • , as a result, there is a very small need to use auxiliary energy. During the autumn and spring seasons, the outside temperature is close to the regulation temperature. During this period, when the climate is contrasting, it is possible to use the HRV or the coupling EAHE-HRV to have good performances. Figure 4 (bottom) illustrates the regulation of the operating mode over a year. In winter, the system operates mainly with the coupling EAHE-HRV or the HRV only, but natural ventilation can be used during sunny days. In summer, the EAHE is recommended to cool, but the use of outdoor air is possible during the coolest nights. In the inter-season, the outdoor air, the HRV and the coupling EAHE-HRV is advised to obtain a temperature between 19 and 26 • . Figure 5 illustrates temperatures for the different operating modes for the 4th week of January (left) and the 4th week of July (right). First of all, during the week in January, the system is mostly regulated with mode 3, the temperature insufflated into the building corresponds to the outlet air temperature of the EAHE and HRV (the yellow curve is superposed to the black curve). In addition, during the last days of the week, in the afternoon, the outside temperature is larger than the outlet temperature of the EAHE, so the system operates in mode 2 and only uses the HRV. In the same way, the 5th day of the week, in the afternoon, the ambient temperature is higher than the other temperatures, thus, the regulation mode is 0. However, the insufflated air temperature is lower than 19 • , the system must use additional energy. Moreover, for the week of July, the system mainly regulates with EAHE (mode 1) because the outlet air temperature of the EAHE is the closest to the regulation temperature (fixed at 21 • ). During some nights, the system is switched to mode 0, therefore the outside air is directly insufflated into the building.

Sensitivity study

Choice of method

Sensitivity analysis is "the study of how the uncertainty in the output of a model can be divided and allocated to different sources of uncertainty in its inputs" [START_REF] Saltelli | Global Sensitivity Analysis[END_REF]. Its goal is to identify and ranking the most significant inputs, determine the non-influential inputs in order to make them constant and map the output behaviour in relation to the inputs. In our study, inputs are referred to as variables or parameters and outputs as criteria or objectives. Two sensitivity analysis methods are applied to our system: the Morris method and the Monte Carlo method.

The Morris method

The Morris method was proposed by Morris et al. [START_REF] Saltelli | Sensitivity Analysis[END_REF]. It requires a number of evaluations ( + 1), with = 10 repetition number and = 10 the number of parameters. The repetition number is the number of times the process is repeated. The Morris method allows to calculate an estimator * which quantify the importance of parameters. The parameters can be ranked thanks to this estimator. In addition, the advantages of this method are requiring few evaluations and it needs no hypothesis on the model, but the disadvantage it can only provide a parameters ranking. Figure 5: Time evolution of the temperature for different operating modes (top) and of the regulation (bottom) for the 4th week of January (left) and the 4th week of July (right). AM refers to midnight. The blue curve is the outside temperature (mode 0), the red curve corresponds to the outlet air temperature from the EAHE (mode 1), the green curve is associated with the outlet air temperature from the HRV (mode 2) and the black curve exhibits the outlet air temperature from the coupling EAHE and HRV (mode 3). The pink curve is the regulation temperature set at 21 • and the orange curve is the building temperature. The yellow curve is the insuflation temperature in the building.

The Morris method consists to discretized in level the search domain to perform a number of moves that represent a trajectory. Each position corresponds to a set of parameters. First, an initial position 0 is taken randomly from the discretized domain. Then, a move is realized 1 for the variable . Then, the initial and final position are evaluated to form 0 and 1 for the parameter . This process is repeat times in order to obtain the trajectory vector ( 1 , ..., ) and the evaluation vector ( 1 , ..., ) for the variable . Af-terwards, the elementary effect of the i-th parameter and the j-th repetition is defined by:

= --1 ±Δ (17) 
where Δ = 2( -1) is the distance of the move. ± illustrates the direction of the move. Finally, the estimators and * of the i-th parameter are determined by:

= 1 * ∑ =1 ; * = | | | | (18) 
In this article, * is used to determine the importance of parameters and the sign of is used to obtain the direction of variation of parameters according to the criteria.

The Monte Carlo method

The Monte Carlo method [START_REF] Saltelli | Global Sensitivity Analysis[END_REF] is a global method that consists of evaluating the Sobol indexes which represents the parameters contribution. The first-order Sobol indexes 1 corresponds to the main effects of variables and the totalorder Sobol indexes takes also into account interactions related to other parameters. This method requires ( + 1) evaluations, with = 10 the number of variables and = 100, 000 the number of evaluations by parameters. A "Latin Hypercube Sampling (LHS)" distribution procedure [START_REF] Saltelli | Global Sensitivity Analysis[END_REF] is used for a better exploration of variables space. This technique is very accurate and the model does not require hypothesis, however Sobol indexes estimation are very expensive. The Monte Carlo method consists to create two quasi-random matrices and thanks to LHS distribution procedure. Then, for the parameter , a matrix is formed using the matrix and the i-th column of the matrix . Then, , and are evaluated using the mathematical model. Finally, the first order Sobol index of the parameter is defined by:

1 = 1 ∑ =1 ( -̄ 2 ) 1 ∑ =1 ( -̄ 2 ) (19) 
with ̄ = 1 ∑ =1 the mean of . In addition, the total order Sobol index of the parameter is determined by:

= 1 - 1 ∑ =1 ( -̄ 2 ) 1 ∑ =1 ( -̄ 2 ) (20) 
In this study, first-order and total-order Sobol indexes are used to quantify the contribution of parameters and couplings.

The coupling corresponds to the interaction between the different variables.

Definition of variables and criteria

Variables

The parameters concerning the EAHE tube are: radius , length , thermal conductivity , mass thermal capacity at constant pressure and density . Then, burial depth and ground thermal properties such as thermal conductivity , mass thermal capacity at constant pressure and density are also considered. Thereafter, other variables are correlated to the system regulation such as air renewal and the regulation temperature . Finally, the electricity price is also taken into account. The parameters are summarized in table 1 and boundaries conditions are obtained by varying the reference value by ± 30 %.

Criteria

To quantify the performance of this energy system, three objective criteria are chosen. The two first ones are energetic criteria: the coefficient of performance of the system and the fraction of renewable energy. The third one is an economic criterion: the cost of recovered energy. The first criterion is the annual coefficient of performance of the system. It corresponds to the ratio between the energy recovered by EAHE and HRV, and the energy consumed by EAHE and HRV over a one-year period [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF]. The is expressed by:

= ∫ 0 + d ∫ 0 + d (21) 
The second criterion is the annual fraction of renewable energy of the system. This criterion is the ratio between the auxiliary energy and the energy demand [START_REF] Launay | Analysis strategy for multi-criteria optimization: Application to inter-seasonal solar heat storage for residential building needs[END_REF]. It is defined by:

= 1 - ∫ 0 d ∫ 0 d (22) 
The third criterion is the cost of recovered energy . It corresponds to the cost of the energy produced. It is defined by the ratio between the sum of the total cost of the system and the energy recovered by EAHE and HRV. The cost of the system takes into account the installation cost, operating cost and maintenance cost over its lifetime of = 20 years [START_REF] Launay | Analysis strategy for multi-criteria optimization: Application to inter-seasonal solar heat storage for residential building needs[END_REF].

= + + ∫ 0 + d (23) 
The installation cost includes the installation cost of the EAHE and the HRV. Indeed, the installation cost of the EAHE is a function that depends on tube length and burial depth. This function takes into account the cost of air intake terminals, fans, collectors and earthworks. In addition, the operating cost is equal to the price of electricity multiplied by the energy consumed by ventilators of the the EAHE and the HRV.

The maintenance cost corresponds to the fans filters changes three times per year.

Results and discussions

The Morris and Monte Carlo methods are applied to the energy system. The two methods are complementary because they allow to quantify the contribution of variables. In addition, the Morris method provides information on the variation sense of the parameters and the Monte Carlo method provides some information on parameters coupling. The contribution of variables is illustrated by the quantity * for the Morris method and by the Sobol indexes 1 and for the Monte Carlo method. The results of this study provide the most significant parameters.

Contribution of parameters

Figure 6 shows variables contribution for the at the top, the in the middle, the at the bottom. The two sensitivity analysis methods give a similar ranking. The first graph in figure 6 illustrates that regulation temperature, tube radius, tube length, burial depth and air renewal are the most significant parameters for the . Indeed, , , , and have a contribution of 65 %, 14 %, 8 %, 4 % and 3 %, respectively. Other variables have no impact for the . The second graph in figure 6 exhibits regulation temperature and air renewal are the predominant parameters for the . The value of Sobol indexes are 0.66 and 0.25 for and , respectively. Moreover, tube length, tube radius and burial depth have a small contribution because 1 is equal to 3 %, 2 % and 1 %, respectively. The other parameters have no influence for the . The third graph in figure 6 shows regulation temperature, tube radius, tube length, burial depth, electricity price and air renewal are the most significant parameters for the . Indeed, , ,

, , and , have a contribution of 75 %, 17 %, 3 %, 2 %, 1 % and 1 %, respectively. Other variables have no impact for the . In addition, the Monte Carlo method provides information on parameters coupling using the difference between Sobol coefficients -1 . Indeed, interactions with tube length, burial depth and regulation temperature have a small an impact for the and the . Finally, couplings between air renewal, burial depth and regulation temperature have a very small effect on the . Therefore, the parameters coupling have no impact on the three criteria. Moreover, the Morris method provides information on parameters evolution. For the coefficient of performance, when , and increase, then the is also increasing, inversely for , and . For the fraction of renewable energy, when , , and increase, increases and inversely for . For the cost of recovered energy, when , and increase, the increases, inversely for and .

Physical interpretation

In summary, the most significant parameters are tube radius , tube length , burial depth , air renewal and regulation temperature . Firstly, these parameters have an influence on the . Tube length, tube radius and burial depth are related to the outlet air temperature of the EAHE and therefore to the energy recovered. Indeed, and are connected to convective exchanges and pressure drops, is correlated to the outlet air temperature of the EAHE. Furthermore, air renewal has an impact on the mass flow rate and therefore on the energy consumed by EAHE and HRV fans. Secondly, these variables have an impact on the . Regulation temperature allows to choose the best regulation for the system operation, thus, has an influence on the thermal losses due to ventilation and walls. So, regulation temperature has an impact on the auxiliary energy. In the same way, air renewal is directly related to auxiliary energy and energy demand. Thirdly, these parameters have a contribution for the . Burial depth, tube length and air renewal is a function of the total cost. Indeed, , affects the installation cost and has an impact on the operating cost. In addition, as previously for the , , , and are correlated to the energy recovered by the system. Indeed, tube radius and tube length are connected to convective exchanges and pressure drops. Moreover, burial depth is correlated to the outlet air temperature of the EAHE. Finally, regulation temperature is used to select the best regulation to increase the energy recovered.

Choice of parameters for optimization

The sensitivity analysis study ranked the most significant parameters on the system and other variables are made constant at their reference value (see table 1). The variables used for system optimization correspond to parameters that have a strong influence on the EAHE performance. Sizing and regulation parameters include: tube radius , tube length , burial depth , air renewal and regulation temperature . The boundary conditions are summarized in table 2 and correspond to the design limit values for a private house of 450 3 [START_REF] Bordoloi | An intense review on the latest advancements of earth air heat exchangers[END_REF]. 

Multi-criteria optimization 4.1. Generality

A mono-objective optimization problem is to optimize (minimize or maximize) one objective function, defined in a search space subject to constraints. The variables and objectives of the problem are generally of various kinds. The boundaries of each variable are constrained, which limits the search space. The objective function represents the goal to be achieved. The solution to the problem is to find the point in the search space that optimizes the objective function. The result is called the optimal solution. Multi-objective optimization therefore consists to optimize simultaneously several functions. These functions are generally conflicting. However, it is not possible to obtain a single solution for a multi-objective problem, it is the set of Pareto solutions called the Pareto front. Many optimization methods can be used to solve this problem: the Nelder-Mead method, the simplex method, particle swarm algorithms and genetic algorithms [START_REF] Arora | Optimization: Algorithms and applications[END_REF]. Genetic algorithms are suitable for problems with constraints and multi-objective similar to our case study. Genetic algorithms, used in this paper, have been defined in [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF].

In this study, the considered parameters used are tube radius , tube length , burial depth , air renewal and regulation temperature . The Non-Dominated Sorting Genetic Algorithm (NSGA-II) [START_REF] Deb | A fast and elitist multiobjective genetic algorithm: NSGA-II[END_REF] is applied with one hundred individuals and one thousand generation, which corresponds to one hundred thousand evaluations for each climatic zone. The mutation and crossing percentage used is 10 % and 90 %, respectively.

Results and discussions

The results are presented in two subsections: Pareto front and mapping. The Pareto front exhibits the set of good compromises and the mapping illustrates the evolution of the objectives according to the variables. Due to the large number of graphs generated, this section presents the graphs for zone H3 because this zone is the most representative of the phenomena encountered. Then we will compare the results of the different zones with each other. Figure 7 displays the Pareto front obtained using genetic algorithms. The set of good compromises varies between 0.137 and 0.211 e∕ ℎ for the , from 13.1 to 16.3 for the and between 0.53 and 0.93 for the . The three objectives considered do not have the same trend. Indeed, the is maximum for a small and for a large . Then, when the decreases, the coefficient of performance decreases and the fraction of renewable energy increases until the maximum value of is reached. Finally, when the decreases, the decreases and the decreases until it reaches the minimum of . The general appearance of the Pareto front forms a line. Figure 7a illustrates the Pareto front for tube radius. The parameter has values between 0.25 and 0.27 meters. When the tube radius increases, the increases and the and the decrease. Indeed, when the tube radius increases, the convective exchanges between the ground and the air, and pressure losses decrease. As a consequence, the energy recovered is larger and the energy consumed is smaller. Figure 7b exhibits the best solutions obtained for the tube length varying from 65 to 95 meters. Moreover, when increases, the increases because heat exchanges between the ground and the air are better and pressure losses are higher. In fact, the system recovers more energy than it consumes. Finally, when increases, the increases because the cost is related to tube length. Figure 7c displays that all good solutions have a burial depth included between 2.6 and 3 meters. When increases, the increases, the and the decrease. Indeed, the total cost of the system increases when burial depth grows up. When increases, the output air temperature of the EAHE is smoother over time. Therefore, the recovered energy by the EAHE is higher. Figure 7d shows the Pareto front for air renewal.

has values within the range of 0.35 to 0.65 ℎ -1 . In addition, when air renewal increases, the grows up and the declines. Indeed, when increases, pressure losses tend to raise the energy consumed by fans and the energy recovered. So, the auxiliary energy decreases. Figure 7e exhibits that the regulation temperature is approximately equal to 19 • . Moreover, when raises, the and the increase, and the declines. Mapping are used to display the evolution of the objectives according to the variables. Each point refers to one simulation. Figure 8 a andb show the as function of regulation temperature and of tube radius (left), and as function of air renewal and tube length (right). The results show that the varies between 4.3 and 16.3. When air renewal decreases, the is increased because even though the energy recovered is declining, the energy consumed decreases much faster. Indeed, when decreases, the convective exchanges in the EAHE and HRV are smaller. The energy consumed is much smaller because the pressure losses depend on the square of the air velocity. Furthermore, when tube length increases and tube radius decreases, the increases because the energy recovered and the energy consumed by the EAHE increase. Indeed, when increases and declines, the convective exchanges between the ground and the air are better and the pressure drops are worse. However, if exceeds 0.25 meters, the decreases because the convective exchanges decrease too much. Moreover, when regulation temperature and burial depth decrease, the increases. These results are in accordance with the sensitivity analysis. The solutions of the Pareto front are located for an average value of tube radius (0.25 and 0.27 meters) and burial depth (2.6 and 3 meters), for a minimum value of regulation temperature, for a large tube length. Moreover, air renewal varies throughout their variation range. Figures 8 c andd exhibit the according to air renewal and tube length (left), and according to regulation temperature and air renewal (right). The results show that the fraction of renewable energy ranges from 0.17 to 0.93. The increases significantly when grows up and declines. Moreover, the fraction of renewable energy raises slowly when , , increase. When air renewal and tube length increase, the fraction of renewable energy increases because the system recovers more energy and therefore the auxiliary energy decreases. Moreover, a maximum value of is obtained for a minimum value of regulation temperature. Indeed, the system selects the regulation mode which allow to have the smallest insuflation temperature in summer. The system selects the largest insuflation temperature in winter because the output temperatures of all regulation modes are generally smaller than 19 • . These results are also consistent with the sensitivity analysis. The Pareto front are obtained for a large tube length and for a regulation temperature of about 19 • . Moreover, air renewal has values between 0.35 and 0.65 ℎ -1 . Figures 8 e and f illustrate the as function of regulation temperature and burial depth (left), and as function of air renewal and tube length (right). The results show that the varies between 0.137 and 0.616 e∕ ℎ. When the declines, and grow up, and decreases. Indeed, the decreases when the total cost of the system declines and when the recovered energy increases. When and grow up, the investment cost increases and when raises, the operating cost increases. As previously for the , the recovered energy increases when air renewal and tube length increase. The Pareto front is obtained for an average tube radius and burial depth, for a small regulation temperature and for a large tube length. Furthermore, air renewal range throughout their variation range. The Pareto front of the other French climatic zones look quite similar. However, the values of the criteria vary enormously depending on the geographical zones, as shown in table 3. The H3 zone is very sunny and the outside air temperature is higher than the other zones. Therefore, the heating needs are quite small and the cooling needs are larger. Considering the heating needs are larger than the cooling needs, this zone allows to have a very large fraction of renewable energy. The energy system is almost adequate to satisfy heating and cooling needs. Moreover, the share of energy consumed is slightly smaller because the system is regulated more often with the outside air. So, the operating cost is significantly smaller over twenty years. As a result, the cost of recovered energy is smaller and the coefficient of performance larger than the other zones. For the other climatic zones, the energy recovered and the energy consumed by the system are very small and slightly large, respectively. Indeed, the sys- tem operates mainly with the coupling EAHE-HRV and less with the outside air. Consequently, the coefficient of performance is lower. In addition, the energy demand is larger because the winter is colder. The system satisfies the cooling needs in summer but not the heating needs in winter. Therefore, the auxiliary energy is very large and the fraction of the renewable energy has a small value. The cost of the system is larger since the operating cost is very large and the energy recovered is smaller. In fact, the system uses more electrical auxiliary energy, which clearly increases the operating cost. As a consequence, the cost of recovered energy is larger. The H1a zone has a small value for the because the recovered energy is smaller. It has also a smaller because the auxiliary energy is larger. It has a high values for the because the total cost of the system is very high due to its operating cost. The H2b zone has a larger fraction of renewable energy because the auxiliary energy is smaller than the H1a, H1b and H2c zones. 

Multiple-criteria decision making

Generality

Decision making is the set of techniques that allow to select the best solution among the Pareto front. The user has an important role in choosing the best solution, because he must give a weight to each objective. A large number of multiple-criteria decision-making methods can be used to solve this problem [START_REF] Tzeng | Multiple attribute decision making: Methods and applications[END_REF]. The best known are the weighted sums method and the TOPSIS method [START_REF] Kolios | A comparative study of multiple-criteria decision-making methods under stochastic inputs[END_REF]. The Technique for Order of Preference by Similarity to Ideal Solution (TOP-SIS) is a multi-criteria decision making technique developed [START_REF] Tzeng | Multiple attribute decision making: Methods and applications[END_REF]. It selects the solution that has the shortest distance with the positive ideal solution and the longest distance with the negative ideal solution.

In our study, the TOPSIS method is applied to select the optimal sizing for different French geographical zones. This solution is found throughout the Pareto front. For this purpose, the positive ideal point corresponds to the maximum of and , and the minimum of , inversely for the negative ideal point. The weight of each objective is equal to 1∕3.

Results and discussions

Table 4 shows the optimal sizing for each zone of the French thermal regulations. The best solutions have a between 11.2 and 13.6, a between 0.37 and 0.92, and a between 0.14 and 0.33 e∕ ℎ. In addition, tube radius has a value between 0.20 and 0.31 meters, tube length from 60.1 to 94.3 meters, a depth between 0.60 and 2.59 meters, an air renewal from 0.64 to 0.65 ℎ -1 and a regulation temperature between 19.0 and 19.7 • . The coefficient of performance is optimal when the energy recovered by the EAHE and the HRV is maximum and when the energy consumed by fans is minimal. A large tube length and a small tube radius increase the energy recovered by the EAHE. The energy consumed by fans is intrinsically correlated to air mass flow rate. As a result, in order to reduce the energy consumed, air renewal must be minimal. In addition, the fraction of renewable energy is maximum when the auxiliary energy is minimal because the energy demand is constant. A minimal value of regulation temperature allows to choose the best regulation for the system operation in order to reduce heat losses due to ventilation. Finally, the cost of recovered energy is minimal when the total cost is minimal and when the energy recovered by the EAHE and the HRV is maximum. A small burial depth and tube length reduce the cost of the system. In addition, the energy recovered by the EAHE and the HRV is maximum when tube length is large, tube radius is small and air renewal is strong. The mean and the relative average of are defined by:
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with the value of parameters or objectives for the climate zone Hi. The mean values and the relative average error values are shown in table 4. The coefficient of performance values for the different climatic zones does not vary enormously because the relative average error is 6.42 percent. However, the fraction of renewable energy values and the cost of recovered energy values are very variable because is 30.5 % and 18.5 %. In addition, tube radius, tube length and burial depth have different values due to the relative average error (10.9, 17.9 and 59.8 percent, respectively). Finally, air renewal and regulation temperature have similar values because are equal to 0.50 % and 1.08 %. The optimal sizing of the H3 zone allows to have a very high fraction of renewable energy because the heating needs are smaller and the cooling needs are larger. The system recovers much more energy than the other zones and it almost satisfies the energy demand. So the electrical auxiliary energy is very low and the operating cost is smaller. As a result, the coefficient of performance is larger and the cost of recovered energy is smaller. The other climate zones require more auxiliary energy because the energy demand is stronger, the recovered energy is smaller and the energy consumed is slightly larger. The fraction of renewable energy and the coefficient of performance are then lower. The cost of operation is higher because the system consumes more electrical auxiliary energy and therefore the cost of recovered energy is higher. Moreover, the H3 zone provides a large burial depth and tube length to smooth the outlet temperature of the EAHE. This sizing allows to have a cool in- suflation temperature in summer. The other zones require a smaller tuber length and burial depth, because otherwise the outlet temperature of the EAHE is much too small in summer. To avoid heating in summer, the optimized system allows a more fluctuating and eligible cooler temperature. Tube radius must have an average value to make a compromise between the convective exchanges between the ground and the air, and pressure losses. The air renewal must be maximum to recover the energy from the EAHE and the HRV. The regulation temperature should be as small as possible because the system chooses the regulation that allows the smallest insuflation temperature in summer. This parameter has little impact in winter because the system definitively chooses the regulation that allows to have the strongest insuflation temperature. As a result, the values of parameters and objectives vary according to the climate zone. This is not the case for the EAHE multi-criteria optimization study [START_REF] Cuny | Multi-criteria optimization of an earth-air heat exchanger for different french climates[END_REF]. Indeed, in this study, the weather conditions effect the outdoor air, the outlet air temperature of the EAHE and the outlet air temperature of the HRV. All these parameters directly impact the insuflation temperature and the building temperature. However, the objectives value remains very appropriate. Thus, the system achieves high energy efficiency for each French climate zone.

Consequently, the optimal sizing of the system is obtained for the Mediterranean climate (H3) because there is more sunshine and less demand of energy. The EAHE should be buried at a depth of 2.59 meters, with a tube radius of 0.26 meters, a tube length of 94.3 meters. Air renewal should be equal to 0.64 volume per hour and regulation temperature to 19.1 • . This sizing makes it possible to obtain a cost of recovered energy of 0.14 e∕ ℎ, a fraction of renewable energy of 0.92 and a coefficient of performance of 13.6. Finally, an approach on economic feasibility analysis is carried out by calculating the time of return on investment for the best compromises.
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The traditional system must supply the energy demand and the thermal losses by ventilation, and it uses only auxiliary energy to satisfy the demand. The investment cost of EAHE energy system is around 8, 000 e and its gain is around 1, 110 e per year. The performed return on investment shows that the energy system becomes profitable compared to the traditional system from 7.21 years for zone H3. The other zones exhibit comparable values due to similar gain and investment costs, which gives an average value of around 6.79 years for all zones.

Simulation of the optimized case

The simulation of the optimized case is performed with the optimal sizing for zone H3. The first graph of figure 9 illustrates temperature profiles over one year. The outside temperature and the building temperature are identical compared to the reference case, show in figure 4, so the energy demand is similar: 9.78 ℎ. The amplitude of the outlet air temperature of the EAHE is smaller because tube length and burial depth are stronger. This trend provides cooler temperatures in summer. The second graph in figure 9 exhibits the regulation of the system. In summer, the system operates more frequently with the EAHE (mode 1) than the reference case. Indeed, the outlet air temperature of the EAHE (red curve) is very close to the regulation temperature (pink curve) during the summer. For the rest of the year, the mode operation is almost similar to the reference case. The simulation results show that the system cost is 28, 056 e over twenty years including 29 % from the installation cost, 41 % from the maintenance cost, 30 % from the operation cost. Even if the cost of the optimized system is 7 % more expensive than the reference case, this sizing allows to obtain 9.98 ℎ of the energy recovered, 0.74 ℎ of the energy consumed and 0.27 ℎ of the thermal losses due to ventilation. The heat balance (equation 16) shows that the system must provide 0.81 ℎ of auxiliary energy. Thus, the system allows to recover more thermal energy, generating more energy consumed by fans. In addition, for the same energy demand, the optimal sizing allows to reduce considerably the auxiliary energy. Finally, the system's is 13.6, which means that the system recovers 13.6 times more energy than it consumes. The is equal to 0.14 e∕ ℎ. Then, the is 0.92 so the auxiliary energy is very small compared to the energy demand. This also means that the part of renewable energy is 92 % and the part of conventional energy is 8 %. Moreover, the coefficient of performance and the fraction of renewable energy of the optimized case are 19.4 % and 77.0 % larger than the reference case, respectively. The optimized case has a cost of recovered energy 57.1 % smaller than the reference case. Therefore, the optimized system strongly improves performance.

Conclusions and perspectives

As a conclusion, this study presents a multi-criteria optimization methodology applied to an earth-air heat exchanger system. The methodology is composed of a sensitivity analysis to reduce the number of variables, a multi-criteria optimization study to determine all the good compromises and a decision-making aid to select the best sizing and regulation parameters. The energy system is implemented from a soil model, an earth-air heat exchanger model, a heat recovery ventilation model, a bypass model and a building model. The bypass is used for the regulation of the system. The inputs of the system are the sizing and regulation parameters and the output are the coefficient of performance, the fraction of renewable energy and the cost of recovered energy. In addition, the sensitivity analysis is applied using the Morris and the Monte Carlo methods. These methods provide complementary results on contributions and ranking of the parameters. The results show that tube radius , tube length , burial depth , air renewal and regulation temperature are the most significant variables. A multicriteria optimization study is then carried out to determine the Pareto front with genetic algorithms. Moreover, the objectives do not have the same trend because when the increases, the decreases and the increases and inversely. Furthermore, the parameter values of the Pareto front are obtained for a large tube length, an average tube radius and a burial depth and a small regulation temperature. Finally, air renewal evolves over its variation range. A multiple-criteria decision making method is finally performed to select the best sizing and regulation parameters with the TOPSIS method. The results show that even though the system depends on weather conditions, it can achieve high energy performance for all French climatic zones studied. The system has a better performance for the Mediterranean climate (H3) thanks to its sunshine. The energy system must be buried at a depth of 2.59 meters, tube radius is 0.26 meters, tube length is 94.3 The regulation parameters show that air renewal is equal to volume per hour and regulation temperature to 19.1 • . The values of the criteria show that the cost of recovered energy is 0.14 e∕ ℎ, the fraction of renewable energy is 0.92 and the coefficient of performance is 13.6. For future works, it would be interesting to compare the results obtained with other optimization methods such as particle swarm algorithms [START_REF] Nouiri | Implémentation d'une méta-heuristique embarquée pour résoudre le problème d'ordonnancement dans un atelier flexible de production[END_REF]. Finally, it would be interesting to study this optimization methodology for a complex energy system using several resources able to meet different types of demand. For example, it would be possible to combine the EAHE and the solar thermal collector in order to produce heating, cooling and domestic hot water. It would also be possible to combine the EAHE with photovoltaic collectors and a heat pump to fully satisfy the energy needs.
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 1 Figure 1: French climatic zones [20].

Figure 2 :

 2 Figure 2: Structure of the ventilation system integrated into the building.

Figure 3 :

 3 Figure 3: Schematization of the EAHE.

Figure 4 :

 4 Figure 4: Time evolution of the temperature for different operating modes (top) and of the regulation (bottom) during a year. The first red rectangle illustrates the 4th week of January. The second red rectangle shows the 4th week of July.The blue curve is the outside temperature (mode 0), the red curve corresponds to the outlet air temperature from the EAHE (mode 1), the green curve is associated with the outlet air temperature from the HRV (mode 2) and the black curve exhibits the outlet air temperature from the coupling EAHE and HRV (mode 3). The pink curve is the regulation temperature set at 21 • and the orange curve is the building temperature. The yellow curve is the insuflation temperature in the building.

Figure 6 :

 6 Figure 6: Parameters contribution for the Morris method on the right and the Monte Carlo method on the left. + means that the parameter evolves in the same sense that the criterion. Inversely for -.

Figure 7 :

 7 Figure 7: Pareto front for the different parameters. Inset shows the zoom on the Pareto front. Figures a), b), c), d) and e) are associated with tube radius , tube length , burial depth , air renewal and regulation temperature , respectively.

Figure 8 :

 8 Figure 8: Evolution of the as function of and (a) and as function of and (b). Evolution of according to and (c) and according to and (d). Evolution of the dependent on and (e) and dependent on and (f). The pink solutions (in the black dotted lines) show to the Pareto front.

Figure 9 :

 9 Figure 9: Evolution of the temperature (top) and regulation (bottom).

Table 1

 1 Parameter reference values.

	Parameters	Abbreviation	Unit		Reference	Minimum	Maximum
					0.10	0.07	0.13
					17.5	12.3	22.8
					1.03	0.72	1.34
			. . -1	0.6	0.42	0.78
			. -3 . -1	2097600	1468320	2726880
			. . -1	2.70	1.89	3.51
			. -3 . -1	1210000	847000	1573000
			ℎ -1		0.5	0.35	0.65
			•		21	19	26
			e∕	ℎ	0.12	0.08	0.16

Table 2

 2 Boundary conditions for design parameters.

	Parameter					
	Unit				•	ℎ -1
	Min	0.05	10	0.5	19	0.35
	Max	0.50	100	5.0	26	0.65

Table 3

 3 Extreme values of the objectives for the different climatic zones

	Criteria				
	Unit	-	-	e∕	ℎ
	H1a	[10.8, 12.4]	[0.22, 0.37]	[0.28, 0.45]
	H1b	[11.9, 13.6]	[0.24, 0.41]	[0.24, 0.43]
	H2b	[11.6, 13.6]	[0.28, 0.48]	[0.25, 0.37]
	H2c	[10.0, 13.4]	[0.26, 0.43]	[0.24, 0.43]
	H3	[13.1, 16.3]	[0.53, 0.93]	[0.14, 0.21]

Table 4

 4 Results of the multi-criteria optimization method for different French climates. ̄ and correspond to the mean value and to the relative average error value, respectively.

				Objectives				Variables		
	Unit	-	-	e∕	ℎ				ℎ -1	•
	H1a	11.2	0.37	0.33	6.76	0.31	60.1	0.72	0.64	19.0
	H1b	12.6	0.41	0.28	6.06	0.26	70.6	0.60	0.64	19.1
	H2b	12.8	0.48	0.29	7.35	0.29	66.7	0.67	0.65	19.0
	H2c	11.5	0.44	0.26	6.59	0.20	95.1	0.61	0.64	19.7
	H3	13.6	0.92	0.14	7.21	0.26	94.3	2.59	0.64	19.1
	̄	12.3	0.52	0.26	6.79	0.26	77.4	1.04	0.64	19.2
	[%]	6.42	30.5	18.5	5.72	10.9	17.9	59.8	0.50	1.08
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