Maria Merlan 
  
Thierry Ditchi 
  
Yacine Oussar 
email: yacine.oussar@espci.psl.edu
  
Stéphane Holé 
  
Emmanuel Géron 
  
Jérôme Lucas 
  
A resonant half-wave antenna for moisture content assessment in wood chips

Keywords: Wood, moisture content, wood chips, sensors

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

Wood is the main source of biomass used for heating. It represents more than half of the world renewable energy consumption [START_REF] Aebiom | Final report 2013 european biomass association[END_REF]. The energy policy in Europe was turned into a harvesting policy in 2007, giving higher priority to the collection and the use of wood as biomass energy. Nowadays, a managed sustainable wood energy industry, being zero carbon footprint, represents an important contribution to reach the objectives defined by the European Union (EU), the strategy "20-20-20" [START_REF] Sergent | Sector-based political analysis of energy transition: Green shift in the forest policy regime in France[END_REF]. This strategy aims to reach 20% of energy consumption coming from renewable energies by 2020 [START_REF]Analysis of options to move beyond 20% greenhouse gas emission reductions and[END_REF], to contribute slowing down the global warming. Biomass is a very promising energy [START_REF] Manzano-Agugliaro | Scientific production of renewable energies worldwide: an overview[END_REF]. It has represented 56% of total research on renewable energies, followed by solar 26% and wind 11% between 1979 and 2009. Wood fuel calorific power is directly dependent on the weight of dry wood within the sample. Indeed 1 tonne of dry pine or oak would provide the same energy in spite of having different physical properties. Nevertheless, in real conditions the delivered sample is not dry and the moisture content, here after referred to as MC, becomes the most important parameter to determine the energy content and thus, the price of the fuel. Furthermore, combustion optimization as well as operational properties are also influenced by the MC [START_REF] Hartmann | Rapid moisture content determination of wood chips-results from comparative trials[END_REF][START_REF] Jensen | Moisture content determination in solid biofuels by dielectric and NIR reflection methods[END_REF]. Wood chips are purchased and delivered in bulk to the customer. Therefore, it is interesting for the wood energy industry to measure the MC while the wood chips are in delivery containers.

Determination of the MC by drying a sample in an oven is currently the official method for solid bio fuels in Europe [START_REF]Determination of moisture content[END_REF]. The method is based on the weight loss determination after a drying process, which usually takes 24 hours. It is a precise method, independent of parameters such as bulk density or ambient temperature. Unfortunately, it is time consuming and does not provide a representative measurement of the whole bio fuel, since just few small samples can be dried. This method offers, for instance, poor information to estimate the value of the MC for an entire 35 m 3 container. So, studies are conducted to propose more efficient systems within reasonable cost limits. The aim is to give better transparency to this trade market by offering a reliable and fast measurement of the MC in large amounts of wood chips, contributing to the wood energy industrial development. However a system able to determine a global measure of MC in wood chips in bulk has not yet been developed when many commercial products exist to measure MC in samples.

There are several methods available for the determination of MC of wood chips. They can be divided in two groups: (i) Thermogravimetric or direct methods, (ii) fast or indirect methods. Thermogravimetric methods are based on drying processes of small samples, such as the standard method. They are time-consuming and operate destructively. Moreover, in the case of the standard method previously described, volatile compounds in untreated biomass may evaporate differently depending on the temperature used for 2 A c c e p t e d M a n u s c r i p t heating, resulting into an absolute bias of the order of 1% [START_REF] Samuelsson | Comparison of different methods for the determination of moisture content in biomass[END_REF]. Indirect methods operate non-destructively and rapidly. Therefore, they are more suitable for the wood energy industry requirements [START_REF] Hartmann | Rapid moisture content determination of wood chips-results from comparative trials[END_REF]. These methods are based on electrical, optical, radiometric, thermal, hygrometric or acoustical technologies. Some of them are not technically nor economically suitable, or they are simply not commercially available for rapid evaluation. Infrared (IR) and near-infrared (NIR) as well as RF reflectivity based methods [START_REF] Daassi-Gnaba | Wood moisture content prediction using feature selection techniques and a kernel method[END_REF] perform only surface measurements that can be only applied on bio fuel conveyed on a belt for instance [START_REF] Jensen | Moisture content determination in solid biofuels by dielectric and NIR reflection methods[END_REF]. These methods are independent of the density of the material since they are only sensitive to the surface. NIR is reviewed as the most suitable for flow measurements. Microwaves, having a typical penetration depth of 15 cm, are also suitable for conveyor applications. However, microwaves as well as capacitive or time-domain-reflectometric (TDR) methods are influenced by the density of the material biasing the measurement up to 5% [START_REF] Hartmann | Rapid moisture content determination of wood chips-results from comparative trials[END_REF]. To measure the MC of larger samples, nuclear magnetic resonance (NMR) is not quite practical, either because the measurement time is too long for real time applications such as conveyors or because the dimensions of the device would be extremely big when used in a large pile of wood chips. Radiofrequency technology (RF) is reviewed in literature as the most suitable method for measurements of large samples. Density, mass and temperature of the material affect the signals but these can be compensated [START_REF] Nyström | Methods for determination of moisture content in woodchips for power plants-a review[END_REF].

Finally most existing methods perform rather accurate measurements on small samples. But in order to measure the global MC of a large amount of wood chips such as 90 m 3 which can be the case at delivery time, one would have to pickup at least a dozen small samples (e.g 10 -3 m 3 ) in this volume to measure their MCs as defined the ISO 18135:2017 Solid Biofuels-Sampling standard. This standard is long and very complex to implement at delivery time at the customer's place. Some other methods perform the MC measurement over conveyors but conveyors are seldom used at the customer's places. A method allowing to rapidly measure the global MC of large volumes at delivery or at the production facilities would be an asset.

In this paper, a sensor which allows to determine the MC of a volume of about half a cubic meter is presented. The MC typically goes from 20 to 50 MC% at delivery time . Our study covers the 13 to 50 MC% range. Though wood chip temperature may vary substantially, this work was only performed at room temperature. This point is nevertheless discussed as a prospect in the conclusion.

The theory as well as the applied experimental method are presented in detail. One of the problems to solve consists in determining the antenna length that allows to probe the required volume. Wood chips from different species are tested using a small-scale system for bulk measurements typically 3 A c c e p t e d M a n u s c r i p t of 1 m 3 . Finally, the results and their interpretations allow to discuss whether this approach provides innovative advantages regarding the current standard method.

2 Measurement Theory

Wood chips specifications

Wood chips are made of small pieces of shredded wood that come from several sources, mainly thinning and residues from logging operations. They are shown on Figure 1. Since wood chips require less processing than granular wood and present a higher surface area to volume ratio than logs, they represent an interesting cost-effective source of biomass energy [START_REF]Chip fired boilers[END_REF]. Wood chips are used for heating in chip boilers with precise fuel specifications. Size and MC are the most important parameters [START_REF]Chip fired boilers[END_REF]. Wood chips size varies from 1 cm to 10 cm [12]. The MC of wood chips, defined by Equation (1):

MC(%) = m water m wet × 100 = m wet -m dry m wet × 100 (1) 
where m wet represents the mass of the wet sample, m dry the mass of dry wood and m water the mass of water within the sample, also varies largely from around 20% to 50%. There are a wide range of bulk density and chip size depending on tree species and shredder type. Thus, the aim consists in determining the MC regardless of the nature, density and geometry of wood.

Measurement principle

The dielectric properties of a material result from its behavior under the influence of an electric field. These properties are usually represented by its permittivity ϵ = ϵ 0 ×ϵ r , where ϵ 0 is a constant and represents the permittivity of the vacuum. Relative permittivity ϵ r is a complex number which depends on the angular frequency ω, and allows to take into account the orientation time of the molecules in the dielectric [START_REF] Ramo | Fields and waves in communication electronics[END_REF]. One has

ϵ r (ω) = ϵ ′ r (ω) -ȷϵ ′′ r (ω) (2) 
A non destructive, economical and simple technique to estimate the MC has been developed [START_REF] Mabire | Mesure non-destructive du taux d'humidité d'un materiau[END_REF]. This technique is applicable to materials such as shredded wood. It is based on the implementation of wire antenna topology sensors within the material under test to study its dielectric permittivity.

The reflection coefficient Γ of a half-wave antenna when placed in a specific
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A c c e p t e d M a n u s c r i p t medium varies according to the permittivity of the medium ϵ. Half-wave means that the length of the antenna is approximately equal to λ/2, the halfwavelength of an electromagnetic wave in air at the frequency of operation f . Such antenna resonates at the frequency f 0 given by

f 0 = 0.47c length ( 3 
)
where c is the speed of light. The resonant frequency f 0 is the frequency at which the power is better transferred to the surrounding medium. As a consequence, the reflection coefficient is minimum at f 0 [START_REF] Balanis | Antenna theory: analysis and design[END_REF]. This maximal power transfer occurs because the wavelength complies with the limit condition of a null current at both ends of the antenna. It also occurs for odd order multiple of f 0 which we refer to as harmonics in the following. This null current limit condition implies that the antenna must be fed at its center. Finally, a half-wave antenna inside a specific dielectric will provide a resonance frequency related to its relative dielectric constant ϵ ′ r according to:

f resonance = f 0 √ ϵ ′ r , (4) 
since the speed of light is inversely proportionate to the square root of permittivity.

Liquid water dielectric constant ϵ ′ r is around 80 at the frequencies considered in this paper, for temperatures ranging from 0 • C to 32 • C [START_REF] Kaatze | The dielectric properties of water at microwave frequencies[END_REF]. In comparison, the dielectric constant of dry wood is around 1.7 and that of air is equal to 1. Therefore, the global permittivity of a material composed by air, wood and water will strongly vary with the presence of water. This does not apply to frozen water whose permittivity is as low as that of wood. Thus the resonance frequency of a half-wave antenna inside a pile of wood chips provides an estimation of its moisture content. Figure 2 shows the magnitude of the reflection coefficient |Γ| of a 15-cm half-wavelength antenna when surrounded by two different media, air ϵ ′ r1 and sunflower oil ϵ ′ r2 . The resonance frequency within the air is 980 MHz and 630 MHz within the sunflower oil. This means that the dielectric constant of the sunflower oil at the operating frequency is around 2.4 as calculated from Equation (4) which complies with values from the literature [START_REF] Cataldo | Quality and anti-adulteration control of vegetable oils through microwave dielectric spectroscopy[END_REF].

5

A c c e p t e d M a n u s c r i p t 3 Experimental setup

Optimal frequency

The advantage of the proposed method is that measuring the reflection coefficient takes few milliseconds. Moreover, radio waves penetrate wood chips, and thereby give an average value of the MC of a large size of the sample. The samples under consideration are heterogeneous, composed by wet wood chips and air. When placed into a wood chip sample, the antenna is sensitive to a given surrounding volume that depends on the length of the antenna, the longer the antenna, the larger the probed volume of wood chips. Besides, the selected wavelength must be large enough in comparison with the wood chip size for the antenna to probe an homogeneous material and thus, get a MC measurement that is independent on the arrangement of chips. The required length of the antenna has been determined experimentally under the constraint of the dimensions of the available containers (110 × 71 × 61 cm 3 ).

Several half-wave antennas fed at their center, have been built using double sided 1.6 mm thick printed circuit board Epoxy Fiber FR4 with a relative permittivity of ϵ ′ r = 4.3 as presented in Figure 6. The effective permittivity ϵ ef f represents the average permittivity of the materials surrounding the antenna. The resonance frequency varies slightly following Equation (4) where ϵ ′ r is replaced by ϵ ef f . Experiments have been performed using the samples described in Table 1, with antenna lengths from 15 cm up to 60 cm. Figures 3 and4 show the amplitude of the reflection coefficient |Γ| of two half-wave antennas: 27-cm and 54-cm long. The reflection coefficient Γ at the antenna input has been measured repeatedly, changing the chips arrangement, using a 8722ES Vector Network Analyzer from Agilent Technologies. The obtained resonance frequencies lead to values of effective dielectric constants between 1.67 and 2.18 for the MC ranging from 27% to 37%. The density is equal to 0.15 g/cm 3 for dry wood chip and 0.5 g/cm 3 for wooden logs [START_REF]Moisture content[END_REF]. Therefore, a dry sample of wood chips is composed of 30% wood and 70% air. It has been demonstrated in literature that the dielectric constant of wooden logs varies between 5 and 9 within the same range of MC, at the 6 A c c e p t e d M a n u s c r i p t selected operating frequencies [START_REF] Torgovnikov | Dielectric Properties of Wood and Wood-Based Materials[END_REF], which leads to an effective permittivity ϵ ef f between 2.2 and 3.4 for chips composed of 70% of air. These values differ from the experimental ones. This can be attributed to the arrangement of the wood chips around the antenna, which favors air instead of wood chips, resulting in an effective permittivity ϵ ef f slighlty lower than expected. It is not an issue since it is not the dielectric constant which has to be estimated, but the MC to which the sensor is sensitive to. This bias is corrected in the calibration process.

Figures 3 and4 show that better reproducibility is observed for the 54-cm long antenna in samples formed by chips with size ranging from 2 to 10 cm.

Anechoic container

Once the frequency set, the minimum sample volume must be determined to guarantee that measurements characterize wood chips properties without perturbations due to the environment. The volume probed by the antenna also depends on the MC content indeed the higher the MC, the quicker the electric field is attenuated. Therefore the minimum MC must be considered to determine the maximum volume probed by the antenna. Experiments have been carried out at 20% of MC since it is the minimum MC of wood chips in natural conditions. The antenna initially positioned at the center of a non anechoic 0.5 m 3 crate is then moved toward the crate edge in order to verify the influence on the resonance frequency of the proximity of both surrounding air and crate boundary. The resonance frequency increases when getting closer to the boundary as the probed volume includes more air, the air permittivity being smaller than that of wood. The resonance frequency is minimal at the center of the crate without presenting any plateau. It means that even at the center of the crate the system is still sensitive to the air surrounding the crate. Consequently the probed volume is larger than the one of the crate. Ideally a larger volume would be necessary. But as 0.5 m 3 of wood chips already weights about 100 kg, which makes it difficult to handle, for instance to homogenize by tumbling. For theses reasons an anechoic container whose dimension are the same as these of the crate has been used. This way resonance is not influenced by apparatus or material outside of the container. The internal surface of a plastic container (110×71× 61 cm 3 ) is covered by ferrite as presented in Figure 5a, an electromagnetic absorbent material at the operating frequencies, 50 MHz to 1.3 GHz. A lid also covered with ferrite is placed above in order to behave as a complete anechoic chamber. The volume of wood chips tested in the anechoic container is about 0.5 m 3 . In order to minimize the variations caused by the chips arrangement in the samples, several measurements of the reflection coefficient 7 A c c e p t e d M a n u s c r i p t Γ are performed, changing the arrangement of chips every time. The antenna is placed in the middle of wet wood chips filling the anechoic container. Figure 5b shows the experimental setup.

Measurements and results

The wood energy industry makes differences between only two species of wood: soft wood meaning coniferous versus hard wood meaning deciduous species. This classification has been established regarding the rate at which the moisture decreases naturally [20]. The same volume of chips from two of these species has been tested. Oak is considered a hard wood and pine a soft wood. Chip size goes from few mm to 4.5 cm for both species. Samples of 36 kg of dry pine and 41 kg of dry oak have been firstly humidified by adding water and stirred regularly to get an homogeneous material. The reflection coefficient Γ of the sensor inside both samples has been then measured during 32 days to monitor their MC. The MC values were obtained by measuring concurrently each sample weight with a weighbridge, following Equation ( 1). This monitoring process is presented on Figure 7. Fans were used to speed up the drying process. Under these conditions, the MC range studied is comparable to the industrial wood chip MC range: 17% to 50%.

The reflection coefficient Γ of the antenna has been measured for both species for N = 16 different values of MC. Every MC measurement has been made 4 times, modifying the arrangement of the wood chips between measurements. Figure 8 shows the variation of the resonance frequency f as a function of the MC. Red (hard wood) and black (soft wood) curves represent the average resonance frequency at each MC. Their variation as a function of the MC is noticeable, with a constant sensitivity over the entire range of MC tested.

Resolution: A 3% scattering bias s (error rate in reproducibility) was calculated using the 4 measurements and all the MC:

s = 1 N i=1,N ;k=1,4 |f k i -fi | ( 5 
)
where fi is the average value of the resonance frequency for a specific MC value, k is the index of each measurement and i the index of the MC under test. However, though frequencies at every MC are clearly spread with the four different arrangements, a clear tendency is present. A linear regression is applied to model the resonance frequency as a linear function of the MC.
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The resolution is estimated as

res = σ f × ∆H/∆F (6) 
as presented on Figures 9 and10, where [START_REF] Daassi-Gnaba | Moisture content recognition for wood chips in pile using supervised classification[END_REF] 

σ f = 1 N N i=1 f reg i -fi 2 (7) 
represents the standard deviation of the measurements, f reg i corresponds to the resonance frequency given by the linear model at every MC value, ∆F = F max -F min is the general frequency range of the linear regression approximation of both curves where F max and F min are the resonance frequencies for the maximum and minimum value of MC under test, and ∆H = H max -H min is the moisture content range of the model where H max and H min are the maximum and minimum value of MC under test. A ±3.7% resolution in terms of MC level is obtained for the oak and ±2.7% for the pine.

It is interesting to compare the frequency shift obtained without differentiating wood species. It shows that despite their different origins, the curves are very similar. This result suggests that it could be possible to use a global model with measurements originating from different species of wood on the tested frequency range. When combining both kinds of wood a ±3.4% resolution in terms of MC level is found using a unique global linear model, see Figure 11.

Confidence intervals: Figures 9, 10 and 11 show the regression confidence intervals for respectively the oak model, the pin model and the model built with the whole available data. They were calculated with a 5% level of significance. The latter means that this interval has a 0.95 probability to include the mathematical expectation of the frequency for a given value of the MC.

Regarding the oak model, the width of the interval is 3.5 MC% and 4.2 MC% at the borders and 2 MC% in the middle of the domain. For the pin model, the interval is slightly narrower. The corresponding values are respectively 2.8 MC%, 2.4 MC% and 1.5 MC%. Finally, the confidence interval of Figure 12 has a width of 2.5 MC% and 2.2 MC% at the borders and 1.2 MC% at the center.

We must at this point introduce the measurements confidence interval which is larger than the regression confidence interval, the later being calculated using the mathematical expectation and corresponds to an infinite 9 A c c e p t e d M a n u s c r i p t number of measurements. The measurements confidence interval is where 95 % of the average frequency over N measurements will be located as presented in Figure 12 a). Indeed, practically in heaps or delivery trucks some dozen of antennas will be used. Using N antennas at different positions in a heap is equivalent to performing N measurements modifying the arrangement of wood chips for each measurement. We assume here that the MC is homogeneous. This way, it can be expected to tend toward the mathematical regression confidence intervals by increasing the number of antennas as presented in Figure 12 b).

Overall improvement: Taking into account the fact that there are only four measurements (M = 4) for each MC to determine the model, a better modeling should be obtained by increasing the number of measurements used to calculate the regression. This may even lead us to use a more sophisticated model, for instance non linear. It is also possible to use machine learning techniques [START_REF] Daassi-Gnaba | Moisture content recognition for wood chips in pile using supervised classification[END_REF] to extract the MC. It may not be necessary because the homogeneity hypothesis for the MC in a heap may be not verified. Consequently using N antennas will average chips arrangement noise as well as the MC which is a good point considering it is the average MC of the heap we are interested in.

Conclusion

The use of resonant half-wave antennas for the determination of MC in wood chips has been presented. When placed into this particular medium, their resonance frequency is clearly influenced by the quantity of water around. The MC can be monitored by measuring the reflection coefficient at the input of a plain half wave antenna. Experiments have been carried out comparing the results obtained with the two main species of wood involved in the wood energy industry. The results show that the discrepancy between them can be neglected. Therefore the proposed method seems independent of the kind of wood and presents a MC resolution of ±3.4% in terms of MC level for 0.5 m 3 samples. This method is fit for large volumes of wood chips. It allows a rapid, simple and non destructive measurement to monitor the global MC of wood chips in bulk for industrial applications. The suggested approach should be easily adapted to test wood chips in rough environments such as trucks, in the forest or at the wood chip facility. Of course FR4 antennas are not robust enough for rough wood industry applications. Using more robust antennas, with metallic arms for instance, will only change the value of ϵ ef f leading to a bias that can be taken into account. Using several sensors in 10 A c c e p t e d M a n u s c r i p t a truck would offer a fast and representative measurement of the MC of a large quantity of wood chips. Thus, the MC could be checked at several steps of the industrial process, including before delivery to the customer. Indeed the temperature in wood chip heaps varies which was not taken into account in this study. As a matter of fact, fermentation for instance can heats up the heaps core. The resonance frequency of the half wave antenna depends on mean ambient permittivity. As the relative permittivity of water goes from 86 to 76 when the temperature goes from 0 to 30°C [START_REF] Kaatze | Complex permittivity of water as a function of frequency and temperature[END_REF][START_REF] Catenaccio | Temperature dependence of the permittivity of water[END_REF], the sensor response will vary as well. For this reason, a temperature sensor will be integrated to the system. We excluded ice from this study which is not an issue, at least in southern Europe where this study was performed . Indeed for large quantities, the wood is stored as logs and ground right before the delivery and small quantities are generally stored sheltered. Experiments in a wood chip facility will be implemented to study the effectiveness of the measurement method.

Data Availability

Both raw and processed data required to reproduce these findings cannot be shared at this time as the data also forms part of an ongoing study. 
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Figure 1

 1 Figure 1: Wood chips

Figure 2 :

 2 Figure 2: Reflection coefficient |Γ| of a 15-cm length antenna as a function of frequency when placed into air and sunflower oil

Figure 3 :

 3 Figure 3: Reflection coefficient |Γ| of the 27-cm long antenna as a function of the frequency when placed into the samples described in Table 1

Figure 4 :

 4 Figure 4: Reflection coefficient |Γ| of the 54-cm long antenna as a function of the frequency when placed into the samples described in Table 1

Figure 5 :

 5 Figure 5: Anechoic container used for the MC monitoring of wood chips

Figure 6 :

 6 Figure 6: Presentation of three of the used antennas : length = 40, 48, and 54 cm

Figure 7 :FrequencyFigure 8 :Figure 9 : 19 AFigure 12 :

 7891912 Figure 7: Monitoring of MC over time

Table 1 :

 1 Samples used for measurements.

		Sample 1 Sample 2 Sample 3
	Wet sample (kg)	81.5	99.5	101.5
	Dry sample (kg)	59.5	66.5	64
	MC(%)	27	33	37
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