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Introduction

According to a survey conducted in 2015 by the French Ministry of Ecological Transition, air pollution is the second environmental concern of French people, just after climate change. As people spend approximately 80% of their time in indoor environments, increasing attention has been focused on indoor air quality (IAQ). Volatile organic compounds (VOCs) are characteristic chemical species present in indoor environments. Several studies have shown that the concentration of VOCs can be higher in indoor locations, such as early childhood education facilities [START_REF] Hoang | Voc exposures in california early childhood education environments[END_REF], schools [START_REF] Godwin | Indoor air quality in michigan schools[END_REF], universities [START_REF] Goodman | Indoor volatile organic compounds at an australian university[END_REF], office buildings [START_REF] Campagnolo | Vocs and aldehydes source identification in european office buildings -the officair study[END_REF] and homes [START_REF] Bari | Source apportionment of indoor and outdoor volatile organic compounds at homes in edmonton, canada[END_REF], compared to the concentrations outside. As reported in [START_REF]Indoor air quality (iaq), pollutants, their sources and concentration levels[END_REF], VOCs in indoor environments can come from the outdoor air via ventilation and from indoor sources. There are a wide range of indoor sources, e.g. combustion, smoking, building materials, office machines, furnishings, paints, termiticides and cleaning products. As permanent and occasional exposure, even at low VOC levels, has an impact on human health [START_REF] Organization | Selected pollutants[END_REF], it is important to monitor indoor air quality and to precisely localize sources to propose an appropriate action plan to improve air quality. The monitoring of air quality is facilitated by the improvement in sensor technologies, notably nanotechnologies. Hence, the gas sensors become cheaper, smaller, more sensitive, less energy-consuming, etc... To 2 get more details on low-cost sensors for air quality purposes, the reader can refer to the review article [START_REF] Morawska | Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How far have they gone?[END_REF]. The localization of VOC sources can also be useful for the preservation of cultural heritage, notably artwork, and for structural health monitoring purposes. In most regions of France, the presence of woodborers, such as termites, has harmful effects on the safety of structures. The VOC chemical signature of termites can be used for their early detection and localization, which will provide the ability to limit the use of termiticides and to preserve the structure.

To efficiently monitor air quality, the number of sensors and their positioning are crucial. In most measurement campaigns, the gas sensors are placed in an empirical way. For example, in a room, an air quality sensor is usually positioned at the breathing zone height or approximately 0.5m from the ceiling in the middle of the room. Unfortunately, this placement does not take into account the characteristics of the room, i.e. the geometry and the ventilation. As a consequence, bad sensor placement may lead to the nondetection of some sources. To well-position gas sensors, we can take advantage of numerical simulations derived from physical models. In indoor air quality applications, the gas concentration can be predicted using multizone [9; 10; 11; 12] and CFD [9; 13; 14] models. Multizone techniques, which provide the time evolution of the averaged concentration in each zone as output, are easy to use and run on a standard laptop. Nevertheless, they consider strong hypotheses, such as a well-mixed concentration. With the ongoing improvement of computers and numerical methods, CFD approaches appear to be promising for the prediction of indoor air quality and for optimal sensor placement. In fact, CFD provides a fine description of the spatial concentration in the indoor environment, but the computations are time consuming. A good compromise to study the indoor air quality of an entire building would be to couple multizone and CFD models, as proposed in [START_REF] Liu | Inverse modeling methods for indoor airborne pollutant tracking: literature review and fundamentals[END_REF].

To the best of the authors' knowledge, few publications have addressed the optimal placement of gas sensors for IAQ applications. The design of an optimal sensor network, i.e. the number and positioning of sensors, has been studied in greater depth in terms of chemical and biological warfare (CBW) and transmission of infectious diseases (TID). The sensor positions are chosen to early detect and localize indoor contamination. Different methods aim to maximize the coverage area of sensors and to minimize the response time for various sets of release scenarios. In [START_REF] Liu | Protecting a whole building from critical indoor contamination with optimal sensor network design and source identification methods[END_REF], the sensor coverage area is evaluated using CFD and an adjoint advection-diffusion equation, whereas physical model-free approaches based on a dynamical systems approach are preferred in [START_REF] Fontanini | A methodology for optimal placement of sensors in enclosed environments: A dynamical systems approach[END_REF]. Note that the adjoint framework is a useful numerical tool for various applications. First, it provides, at a low computational cost, the functional gradient and the Hessian matrix involved in inverse calculations to update the parameters of fluid mechanics models [18; 19] and to reconstruct the concentration fields [20; 21; 22]. Additionally, it is used in sensitivity analyses to study the influence of physical model parameters on a quantity of interest [23; 24]. The adjoint framework is also considered for estimating the modeling or discretization error on a quantity of interest [25; 26; 27].

Once the positions of the sensors are fixed, knowledge of the concentration given by the deployed sensors is not sufficient for proposing efficient solutions for indoor air quality improvement or for localizing woodborers.

One needs to localize and to quantify the source emissions. To achieve this purpose, two families of methods can be found in the literature, i.e. data-driven methods and physical model-based methods. Direct measurements of the source emissions on different surfaces of the environment (furniture, wall, floor, door, etc.) can be planned using innovative sensors, such as fibers placed in a specific device for on-site emission control [28; 9]. This method enables accurate in situ quantification of the source emissions for building materials and furniture, but it requires a large number of sensor devices.

Another data-driven method to evaluate source emissions is indirect measurements. In contrast to the previous methods, the air quality sensors are placed in the room volume and not directly on a surface. Databases of the chemical signatures of sources and a priori information of the studied environment collected via questionnaire, including the type and the age of the building materials, renovations, cleaning products and ventilation, are commonly considered in these methods. Finally, the sensor outputs associated with various chemical compounds are analyzed via statistical tools, such as proper component analysis and linear regression, to identify the source emissions [4; 5; 29; 30]. In practice, the chemical compounds emitted by some items in the studied environment may not be referenced in a database.

Consequently, these methods may only approximately identify the sources.

Physical model-based approaches via inverse modeling techniques can also be valuable for the localization and the quantification of source emissions.

In general, inverse problems that couple model and sensor outputs are not well-posed in the sense of Hadamard, i.e the existence, uniqueness and nonhigh sensitivity of the solution to the sensor outputs. To address this issue, a sufficient number of well-positioned sensors is required, and regularization must be considered in the mathematical formulation of the inverse problem.

In deterministic settings, Tikhonov regularization is commonly considered and consists of adding penalization terms to the data misfit functional, as discussed in [15; 31] for convective-diffusive transport source inversion. In probabilistic inversion formalism, notably Bayesian model updating, which was applied in [START_REF] Gurney | Towards robust regional estimates of CO2 sources and sinks using atmospheric transport models[END_REF] for CO2 regional source estimations, the model parameter probability distributions are interesting on two counts. They ensure the problem regularization and provide a confidence interval on the identified source emissions. Nevertheless, probabilistic inversions can be much more time consuming than deterministic ones. Finally, the adjoint framework, previously mentioned for the optimal placement of sensors, can also be used for source localization, as shown in [33; 15].

In the present article, we propose a virtual testing strategy, taking into account the specificities of the indoor environment (geometry and ventilation) via CFD and gas sensor features (limit of detection), to efficiently select the number and positions of sensors to localize indoor sources. We define the "optimal sensor placement" as the combination of gas sensors that maximizes the coverage area. The authors showed in previous works [START_REF] Waeytens | Sensitivity of inverse advection-diffusion-reaction to sensor and control: a low computational cost tool[END_REF] that the sensor observable area can be computed at a reasonable cost using the adjoint framework. Herein, we emphasize that the coverage area can be increased not only by adding sensors but also by using sensors with a lower limit of detection. The rest of this article is organized as follows. In Section 2.1, a physical direct model to predict the gas dispersion is presented. Then, we define the adjoint equations in Section 2.2 and introduce a new adjointbased criterion integrating sensor features to evaluate the observable area of potential sensor positions in Section 2.3. An overview of the optimal sensor placement strategy is given in Section 2.4, and it is applied to a 2D case and a real 3D room in the last section.

Materials & Methods

Simulation of pollutant propagation -Direct problem

To predict the dispersion of gas, advection-diffusion-reaction models are commonly used [9; 13; 14]. As a first step, we consider non-reactive gases, i.e. reaction phenomena are not modeled. Hence, the cartography of the gas concentration in a two-or three-dimensional space domain Ω is obtained from the advection-diffusion model. Four types of boundaries can be distinguished. A boundary presenting a known prescribed concentration C p is denoted ∂ p Ω. Potential pollution emissions, to be precisely located by the optimal placement of gas sensors, are on the boundary ∂ u Ω, whereas a boundary that does not present source emission is ∂ n Ω. Lastly, ∂ o Ω denotes the outgoing flow boundary.

The pollutant concentration C(x, t) in the domain Ω ⊂ R n , n ∈ {2, 3} can be obtained by solving the unsteady advection-diffusion model, which is also called the "direct problem",

                                   ∂C ∂t (x, t) + v(x, t) • ∇C(x, t) -ν(x, t)∆C(x, t) = 0 in Ω × [0, T ] C(x, t) = C p (x, t) on ∂ p Ω × [0, T ] C(x, t) = C u (x, t) on ∂ u Ω × [0, T ] ∇C(x, t) • n = 0 on ∂ n Ω × [0, T ] ∇C(x, t) • n = 0 on ∂ o Ω × [0, T ] C(x, t = 0) = C 0 (x) in Ω (1) 
In Eq. ( 1), v is the flow velocity, ν denotes the diffusion parameter, which is the sum of the molecular and turbulent diffusion, and n denotes the outside normal vector to the surface.

When the flow and the source emission can be considered stationary with respect to the monitoring time, the concentration field C(x) can be obtained at a lower computation cost using a steady advection-diffusion model

                           v(x) • ∇C(x) -ν(x)∆C(x) = 0 in Ω C(x) = C p (x) on ∂ p Ω C(x) = C u (x) on ∂ u Ω ∇C(x) • n = 0 on ∂ n Ω ∇C(x) • n = 0 on ∂ o Ω. (2) 
For example, Eq. ( 2) can be used to model the dispersion of moisture or woodborers emissions during a measurement campaign under mastered air flow conditions, e.g. when the indoor occupants have left. In the following, we limit our study to stationary cases.

Sensitivity area of a gas sensor -Adjoint problem

Physically, the solution of the adjoint problem corresponds to a sensitivity function in terms of a quantity of interest. Hence, to obtain the sensor observable area, we choose the gas concentration at the sensor location x s as the quantity of interest. It is given by

J = Ω f s (x -x s )C(x)dΩ (3) 
where f s is a space function to extract the gas concentration at the sensor location x s . In practice, we can take:

f s (x -x s ) =      1/|Ω s | for x ∈ Ω s 0 elsewhere. (4) 
The domain Ω s is a sphere of radius R s centered at the sensor location x s .

From the quantity of interest, we introduce the adjoint problem (5) and compute its numerical solution C.

                           -v(x) • ∇ C(x) -ν(x)∆ C(x) = f s (x -x s ) in Ω C(x) = 0 on ∂ p Ω C(x) = 0 on ∂ u Ω ∇ C(x) • n = 0 on ∂ n Ω ν∇ C(x) • n + v(x) • n C(x) = 0 on ∂ o Ω (5) 
Note that the adjoint problem ( 5) is a backward-advection-diffusion problem with a source emission located at the sensor position. This adjoint problem can be solved with the same CFD software as that used for the direct problem. For greater detail on the derivation of the adjoint problem, the reader can refer to [START_REF] Waeytens | Sensitivity of inverse advection-diffusion-reaction to sensor and control: a low computational cost tool[END_REF].

Computation of sensor observable area -A new adjoint-based criterion

After defining the adjoint problem, we propose an adjoint-based criterion (6) that takes into account the sensor features, i.e., the LOD of the gas sensor, in view of obtaining the sensor observable area.

|∇J| A s S dI m > 1 (6) 
where:

• J (resp., ∇J) is the functional (resp., functional gradient) associated with the gas concentration at the sensor location x s defined in Eq. (3)

• A s is the minimum source area expected to be localized

• S is the order of magnitude of the source emission • dI m is the limit of detection of the gas sensor

The sensitivity of the gas concentration at the sensor location x s to the surface source emissions, which corresponds to the functional gradient ∇J, can be evaluated using the adjoint framework. Following the method in [START_REF] Waeytens | Sensitivity of inverse advection-diffusion-reaction to sensor and control: a low computational cost tool[END_REF],

we can show that:

∇J(x) = ν(x)∇ C(x) • n (7) 
where n denotes the unit outer normal vector along the surface.

In summary, the observable area of a gas sensor located at a given position x s can be numerically predicted by

x ∈ ∂ u Ω such that |ν(x)∇ C(x) • n| A s S dI m > 1. (8) 
Let us physically interpret the different terms in the proposed criterion The new contribution in this article concerns the next two terms. The second term A s × S relies on a priori information of the source emissions that are expected to be detected. If we are interested in emissions on large surfaces, such as painted walls, A s should be approximately a few tens of square meters. By contrast, if we are interested in emissions on small surfaces, such as furniture, A s should be approximately one square meter. A small value of A s , i.e. less than one square meter, can also be useful for the early detection of termites. The order of magnitude of potential emissions is taken into account with the parameter S. For formaldehyde furniture emission it can be higher than 1ppm [START_REF] Liang | Indoor formaldehyde in real buildings: Emission source identification, overall emission rate estimation, concentration increase and decay patterns[END_REF] whereas it is a hundred times lower for VOCs emitted by molds [START_REF] Pasanen | Critical aspects on the significance of microbial volatile metabolites as indoor air pollutants[END_REF]. In the proposed criterion (8), the observable area for a given positioned sensor depends on the product A s × S. Hence, the higher this product is, the larger the observable area.

Lastly, the sensor detection limit, depending on technology features, corresponds to the third term in the proposed criterion [START_REF] Morawska | Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How far have they gone?[END_REF]. In the Results

Section, we show how the observable area increases as the limit of detection of the sensors decreases.

Outline of the virtual testing strategy for the optimal placement of air quality sensors

This section aims to present the steps in computer-aided sensor placement. The process is summarized in Figure 1. The proposed strategy necessitates a mock-up of the studied environment and a fine description of the air flow. The air flow map can be obtained from experiments, empirical models or computational fluid dynamics. Let us emphasize that [START_REF] Waeytens | Impacts of discretisation error, flow modeling error and measurement noise on inverse transport-29 diffusion-reaction in a t-junction[END_REF] previously pointed out that a rough approximation of the real flow can lead to a non-representative concentration simulation. Thus, special attention must be given to obtaining the air flow map; otherwise, the proposed placement of gas sensors can be incorrect. After defining a list of n t potential sensor positions, we solve the adjoint problem (5) associated with each sensor position. All the n t adjoint solutions are stored in a database. Note that this step is fully parallelizable and is performed only once in a off-line stage.

In the proposed virtual testing strategy, the observable area is computed for the n t sensor positions. As shown in the previous section, the observable area is obtained from the adjoint-based observable criterion [START_REF] Morawska | Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How far have they gone?[END_REF]. In addition to the adjoint solution, a priori information of the sensor technology is also required, i.e. the limit of detection dI m of the sensor and the source to be localized, i.e. the orders of magnitude of area A s and level S of the source emissions. Lastly, the optimal placement corresponds to the one with the largest observable area. When the number n m of desired sensors is strictly greater than one, the optimal placement is performed in a hierarchical manner. We start by optimally placing the first sensor and fix its position; then, we seek the optimal placement of the second sensor and fix its position, and so on. As practical outputs for the users, the computer-aided method provides, as a visualization on the numerical mock-up, the observable area of each selected sensor position and the coverage area in square meters for each sensor and for the combination of all n m sensors.

Results

Application 1 -2D simple problem

To gain a better understanding, let us first consider a 2D academic problem (see Figure 2). The 2D domain Ω is a square with 10 m sides, and the flow V is uniform. The velocity amplitude (resp. the velocity orientation angle) is 1m/s (resp., 27 o ), and the diffusion parameter ν is 2.2 × 10 -2 m 2 /s which corresponds to the order of magnitude of the turbulent diffusion. As introduced in Section 2.1, ∂ o Ω denotes the outgoing flow boundary. In this example, we aim to optimally place gas sensors to localize and quantify sources coming from the boundary ∂ u Ω. We focus on the detection of a source emitting on an area greater than 1m on ∂ u Ω and whose order of magnitude of the amplitude is approximately 100ppm. From this information, we take A s = 1m and S = 100ppm in the observable criterion [START_REF] Morawska | Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How far have they gone?[END_REF].

Moreover, in the domain Ω, gas sensors can be placed at a limited number of positions. The sixteen potential sensor positions are shown in Figure 2. In the followings, firstly the influence of the LOD of the gas sensor on the observable area is studied for a unique given sensor. Then, the virtual testing strategy is illustrated to optimally place several sensors.

3.1.1. Influence of the LOD on the observable area for a given sensor position In this section, we consider a given sensor position, that is, Sensor #3 (see Figure 2). The objective is to evaluate its observable area for different LODs of the gas sensor. We use the proposed adjoint-based criterion [START_REF] Morawska | Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How far have they gone?[END_REF].

First, one needs to solve the adjoint problem defined in Eq. ( 5), which corresponds to a backpropagation of a pollutant emitted at Sensor location #3 (see Figure 3). Then, from the adjoint solution C and the LOD dI m , we compute the criterion [START_REF] Morawska | Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How far have they gone?[END_REF] and deduce the observable area associated with the considered sensor. In Figure 3, we present the adjoint field C and the observable area of Sensor #3 for two different LODs: 10ppm and 0.1ppm.

For the considered flow, source emissions on the bottom edge cannot be detected by Sensor #3. The observable area is located around the middle of the left edge. Its precise position along the left edge is 4.9m ± 1.1m for an LOD of 10ppm and 4.9m ± 2.2m for an LOD of 0.1ppm.

The evolution of the observable area for a wide range of LODs is presented in Figure 4. As expected, a reduction in the LOD leads to an increase in the observable area. The observable area for Sensor #3 is one and a half times larger (resp. two times larger) when using a gas sensor with a 1ppm LOD (resp., 0.1ppm LOD) than one with a 10ppm LOD. In summary, this study shows that the LOD of the gas sensor has a strong impact on the observable area for detecting source emissions. Consequently, the LOD must be considered in the optimal placement strategies of air quality sensors.

S3 -V

Observable Area LOD: 10ppm

Observable Area LOD: 0.1ppm On the basis of the adjoint-based criterion (8), we were able to evaluate the observable area associated with a given sensor position. Let us numerically validate this observable criterion. Sensor position #3 is still considered, and three source locations are defined on the left edge of the 2D domain (see Figure 3). The different sources are 1 meter in length, and their amplitude is 100ppm. As predicted by the proposed virtual testing strategy, a source in Area A can be detected by the sensor with both LODs (0.1ppm and 10ppm), a source emitted in Area B can be detected only by the sensor with an LOD of 0.1ppm, and neither the 0.1ppm LOD sensor nor the 10ppm

LOD sensor can detect a source in Area C. For each source, we simulate the associated gas dispersion by solving the direct advection-diffusion equations ( 2) and obtain the gas concentration at Sensor position #3. From this concentration, we can verify whether the source is detected by the sensors with an LOD of 0.1ppm or 10ppm. In Table 1, the results show that the sensor observable area is well predicted by the adjoint-based criterion [START_REF] Morawska | Applications of low-cost sensing technologies for air quality monitoring and exposure assessment: How far have they gone?[END_REF].

A 100ppm source emitted in Area B leads to a gas concentration of 3.27ppm at Sensor position #3. This concentration can be detected by the 0.1ppm LOD sensor but not by the 10ppm LOD sensor. This result is in agreement with the predicted observable area shown in Figure 3. The optimal placement of the gas sensors is achieved using the virtual testing strategy presented in Section 2.4. First, we determine the optimal placement of the first sensor. Hence, for each sensor position, the associated adjoint problem is solved and saved in a database. The use of the adjoint solutions and the LOD in criterion ( 8) enable the evaluation of the observable area of each sensor. Herein, the LOD is fixed to 10ppm. The sensor position with the largest observable area is selected as the "optimal placement".

The observable area associated with each sensor is summarized in Figure 5.

Note that the sum of the observable areas on the bottom and left edges corresponds to the total observable area on the boundary ∂ u Ω. We observe that Sensors #1 to #11 can detect a source emission only on the left edge, whereas Sensors #12 and #14 are able to detect a source emission located in the lower-left corner of the domain involving the left and bottom edges.

Among the 16 potential positions, 13 positions have a total observable area between 1 and 2.5m, and only 3 positions give an observable area larger than 3m. Sensor #12, which has a total observable area slightly larger than those of Sensor #15 and Sensor #16, is selected as the optimal placement.

As mentioned in Figure 1, the placement of several air quality sensors is performed in a hierarchical manner. After finding the optimal placement of the first sensor, we fix this sensor and determine the optimal placement of the second sensor, and so on. Previously, Sensor #12 was determined as the optimal placement for the first sensor. To determine the optimal placement of several sensors, we evaluate the observable areas (see Figure 5) and select the sensor combination with the highest total observable area.

The combination of Sensors #12 and #16 gives the highest total observable area, that is, 6.5m. We can see that adding Sensor #16 improves the observable area on only the bottom edge, increasing from 2m to 5.5m. The observable area on the left edge is increased by the optimal placement of three sensors, i.e., Sensors #12, #16 and #4. We note that the the total observable area is three times larger for the optimal placement of four sensors (#12, #16, #4, #2) than for the optimal placement of a single sensor #12.

Optimal placement of several sensors considering different LOD

In Section 3.1.1, we showed that the LOD has a significant influence on the observable area for detecting source emissions. As a consequence, two factors can be investigated to improve the observable area: the number of gas sensors and the LOD. In this section, we study the optimal placement of several sensors in the 2D domain when considering sensors with an LOD of either 10ppm or 1ppm. The results are summarized in Figure 6. We observe that the optimal positions of gas sensors may differ according to the LOD. At a 10ppm LOD, Sensor #12 is selected as optimal, whereas Sensor #16 is optimal at a 1ppm LOD. Note that Sensor #16 with a 1ppm LOD has a total observable area that is approximately twice the size of that of Sensor #12 with a 10ppm LOD. In Figure 7, we present the observable area associated with the optimal placement of four gas sensors with LODs of either 10ppm or 1ppm. The coverage is disparate on ∂ u Ω for a 10ppm LOD while it is widespread for a 1ppm LOD. Nevertheless, for both cases, source emissions cannot be detected in the upper part of the left edge and the right part of the bottom edge due to the considered flow V and the distribution of the sixteen potential sensor positions. Lastly, for the optimal placement with 1ppm LOD gas sensors, the observable area of some sensors overlaps, notably Sensors #12 and #16.

Thus, a source emitted in the overlapped region would be detected by both Sensors #12 and #16. 

Application 2 -3D laboratory room

In this section, we illustrate the computer-aided method for the optimal placement of gas sensors in a real 3D laboratory room, including furniture and ventilation systems, located at the IFSTTAR research institute. The dimensions of the room are 5.9m × 6.2m × 4.2m, which correspond to a volume of 150m 3 . As mentioned in Figure 1, we first need a numerical mockup and indoor air flow map (see Figure 8). For that, the incoming flows from the heating duct, the two ventilation grids and the door were measured using a 1D hot wire anemometer, and the values are reported in Figure 8. Note that the flow exits only from the extractor hood. From this information and the numerical mock-up, we simulate the stationary turbulent flow using the k -ω SST Reynolds Average Navier-Stokes (RANS) model in the CFD software "Code Saturne" [START_REF] Archambeau | Code Saturne: A Finite Volume Code for the computation of turbulent incompressible flows -Industrial Applications[END_REF]. In Figure 8, we can see that the airflow entering from the contour of the door is highly turbulent in the vicinity of the door and that a portion of it goes straight in the direction of the extractor hood. In terms of the incoming flow from the second ventilation grid, the main portion circulates close to the ground between the wall and the furniture. Lastly, the velocity flow from the heating duct oriented in shown in Figure 10. Herein, we aim to select the sensor positions that produce the maximum observable on all the lateral surfaces (door face, furniture face, extractor hood face, back face). To evaluate the observable area, we compute the adjoint concentration C associated with each sensor position and store the values in a database. In practice, the adjoint problems (5) are solved using the Streamline Upwind Petrov-Galerkin (SUPG) formulation [START_REF] Hughes | A new finite element formulation for computational fluid dynamics: Ii. beyond supg[END_REF] in the finite element code "FreeFem++" [START_REF] Hecht | New development in freefem++[END_REF]. In Figure 9 To quantify the observable on each lateral face, we use the observable 22 criterion ( 8), taking into account the sensor features. Herein, we consider that the source emission to be detected has an amplitude of approximately 10ppm on a surface of approximately 0.25m 2 and that the limit of detection of the sensor is 0.01ppm, i.e. A s = 0.25m 2 , S = 10ppm and dI m = 0.01ppm in Eq. ( 8). The observable criterion (8) involving the ratio A s S/dI m , the observability results presented in the next paragraphs will be the same for other combinations of A s , S and dI m , as long as A s S/dI m = 250. For each potential sensor position, we compute the observable criterion and determine the observability on the four lateral walls. The highest observable area, which is approximately 7m 2 , is obtained for Sensor position #86. Consequently, Sensor #86 is considered to be the optimal placement of the first sensor.

In Figure 10, we use sectors to represent the sensor positions with "'acceptable observability", i.e. more than half of the maximum 7m 2 observability.

Note that 15% (64 positions) of all the potential sensor positions satisfy this criterion. These results highlight the fact that haphazard placement of gas sensors may make it impossible to detect source emissions.

Figure 10 shows that most of the sensors are sensitive to source emissions on the furniture and back faces. Only 6 sensor positions (resp. 8 sensor positions) can cover a part of the extractor hood face (resp. the door face). We can see that the observable areas differ depending on the height of the sensor because the air flow is highly three-dimensional in an indoor environment.

After fixing Sensor #86 as the first optimal sensor position, the proposed numerical strategy selects Sensors #9, #235 and #268 as the optimal positions of four sensors to maximize the observable area on the wall faces.

The optimal positions are represented by red circles in Figure 10 In this case, as the flow is confined between the wall and the furniture, the observable area is slightly increased for a 2 ppb LOD compared to that for a 10 ppb LOD. Finally, we observe that some wall areas are covered by multiple sensors when the LOD is 2 ppb.

In the last paragraph, we propose numerical validation of the observable criterion (8) in the 3D laboratory room. A 10 ppm source positioned on the door face, as shown in Figure 11, is injected on a surface of 0.25m 2 .

From a direct simulation, we predict the gas dispersion in the laboratory room and obtain the concentrations at the different sensor positions. The results are given in Table 2. The concentration is higher than 10ppb only at

Sensor position #268. Hence, at a 10ppb LOD, the source can be detected by only Sensor #86. In Figure 11, we can see that this result was correctly predicted by the proposed observable criterion when considering a 10ppb LOD. At a 2ppb LOD, the observable criterion indicates that the source represented in Figure 11 can be detected by all the optimal sensor positions except Sensor #9. The predicted result is validated by the gas concentration from the direct simulation reported in Table 2, showing that only the gas concentration at Sensor #9 is below the 2ppb LOD. Therefore, Sensor #9 is not able to detect the source, completing the validation study. 

Conclusions & Prospects

We proposed a CFD-based virtual testing strategy for the optimal placement of gas sensors to efficiently localize surface source emissions in indoor air quality assessment. This strategy relies on a criterion that integrates the adjoint framework and sensor features, such as the limit of detection, to evaluate, at a reasonable computation cost, the coverage area associated with different sensor positions. We considered the "optimal sensor placement" to be the combination of sensors that maximizes the coverage area. In the two studied applications, we showed that many potential sensor positions observe almost nothing and thus are unable to localize sources, which highlights the importance of using such sensor placement strategies. Then, we emphasized that the coverage area can be increased not only by adding sensors but also by using sensors with a lower limit of detection. Hence, when positioning indoor air quality devices, we have to consider both the limit of detection and the number of sensors. Finally, this work can be extended to the localization of sources emitted inside a defined volume, especially for outdoor air quality purposes. 

( 8 )

 8 . The first part |∇J(x)| takes into account the sensor position x s and gives the sensitivity map of the gas sensor output to the surface source emission. It is numerically obtained from the solution C of the adjoint problem defined in Eqs. (5). In [21], we proved that a null value of |ν(x)∇ C(x) • n| on a boundary ∂ b Ω ⊂ ∂ u Ω implies that potential source emissions on ∂ b Ω cannot be detected by a sensor at the position x s .
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 1 Figure 1: Architecture of the computer-aided method for the optimal placement of air quality sensors

Figure 2 :

 2 Figure 2: Geometry of the 2D problem (left) and potential positions of the gas sensor (right)

Figure 3 :Figure 4 :

 34 Figure 3: Adjoint problem solution C associated with Sensor #3 and its observable area for an LOD of 10 ppm and 0.1 ppm -Definition of Source Areas A, B, C for numerical validation of the observable criterion

Figure 5 :

 5 Figure 5: Optimal placement (red rectangles) in the 2D domain of several sensors of with an LOD of 10ppm -Observable Areas -Isovalues of the total observable area are represented as solid lines

Figure 6 :

 6 Figure 6: Evolution of the observable area as a function of the number of sensors and the LOD (10ppm and 1ppm)

Figure 7 :

 7 Figure 7: Map of the observable area for the optimal placement of 4 sensors with LODs of 10 ppm (left) and of 1 ppm (right)

Figure 8 :

 8 Figure 8: Numerical mock-up of the laboratory room and measured incoming flows (left) -Flow simulated by CFD software (right)

Figure 9 :

 9 Figure

  , and the associated observability maps are shown in Figure11. Sensors #86 and #9 are selected to cover both the furniture face and the back face. Neverthe-less, Sensor #86 is sensitive to source emissions on the upper part of the furniture face, whereas Sensor #9 can detect sources on the lower part. The sensitivity of the gas concentration at Sensor position #9 to sources emitted from the lower part between the furniture and the wall is due to the air flow. Indeed, the air flow from the second ventilation grid passes under the furniture and licks the lower part of the furniture wall (see Figure8). Then, the main part of the flow goes out from the corner of the furniture and the door faces, where Sensor #9 is located. Sensor #235 provides information for the extractor hood face and covers additional areas on the back face.Finally, the observability on the door face is provided by the fourth sensor, that is, Sensor #268.Let us consider Sensor positions #86, #9, #235 and #268 and study the influence of the LOD on the observability of the sources. The parameters A s and S are kept at 0.25m 2 and 10ppm. In Figure11, we show the observable area associated with each sensor for a 10 ppb LOD and for a 2 ppb LOD.As expected, a lower sensor LOD increases the observable area. At a 10 ppb LOD, Sensor #86 can detect sources on a portion of the furniture and back faces. When the LOD is decreased to 2 ppb, sources can be detected on a larger surface of the furniture and back faces and on the door and extractor hood faces, which were not observable at a 10 ppb LOD. Similar results are obtained for Sensor #235. Reducing the LOD to 2 ppb enables the observation of new surfaces, such as the door face. Nevertheless, we can see an exception for Sensor #9.

Table 2 :

 2 Numerical validation of the adjoint-based observable criterion in the 3D laboratory room -Concentration at sensor positions #86, #9, #235 and #268 simulated for the source location defined in Figure 11 and verification of the source detection for 2ppb LOD sensors and 10ppb LOD sensors

Figure 10 :Figure 11 :

 1011 Figure 10: Potential positions of gas sensors at three levels h = 0.5m, h = 1m and h = 1.5m and observability representation by wall surface for sensors with an observable area more than half of the highest observability achieved by Sensor #86 -Optimal sensor positions are shown as white circles

Table 1 :

 1 Numerical validation of the adjoint-based observable criterion -Concentration at

	Source detected by the sensor ?
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